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ABSTRACT
Tritium is naturally present in very small concentrations in the environment,
principally in the form HTO. Thermonuclear detonations, leaks from waste tanks at the
Department of Energy (DOE) sites and accidental releases from nuclear power plants
have introduced significant quantities of tritium into the environment. Even though
tritium is the least toxic of the known beta emitters, its presence in the environment,
primarily in the aqueous form, poses a radiological threat because of its easy
accessibility. Tritium removal from the environment is technologically impractical. Thus
tritium contamination is generally contained, decays in place and is monitored to protect
the public and regulatory compliance. Research is needed for the design of new selective
monitoring systems to detect current and changing conditions of tritium contamination in
the subsurface. In-situ sensors, which respond to this criterion, avoid expensive sampling
operations as well as laboratory analysis. They also facilitate real time measurement, and
decrease the risk to health and cost of long term monitoring.
Our research project, developed in three parts, consisted in building a laboratory
prototype for a field instrument designed for continuous, long-term monitoring of tritium
in groundwater. The tritium monitor was constructed with a compact Polymer Electrolyte
Membrane (PEM) Pt/Ir electrolyzer mounted in series with a gas proportional counter.
This instrument was designed for measurements of tritium concentrations at a level down
to 740 Bq/L (20,000 pCi/L), since groundwater aquifers may be used as drinking water
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sources for public water systems. This maximum concentration corresponds to the Safe
Drinking Water Act (SDWA) maximum contaminant level of 4 mrem/year.
The first part of the research consisted in studying the Pt/Ir PEM enrichment
parameters. The parameters were compared to those of a classical tritium enrichment
system, like the one operated at the Miami Tritium Laboratory used in the analysis of
water samples with very low tritium concentration levels. Aqueous tritium enrichment
parameters E (tritium aqueous enrichment), F (Evolved tritium activity fraction), β
(tritium fractionation factor) and β e (electrolytic fractionation factor) were determined
from PEM electrolysis of tritium aqueous standards. Lower aqueous enrichment was
observed in the Ir/Pt PEM electrolyzer in comparison to the conventional Ni/Fe
electrolytic cell. This was explained by the values found for the PEM cell fractionation
factor β Ir/Pt and electrolytic fractionation factor β eIr/Pt which were determined to be
4.7±0.3 (β Ni/Fe =26), and 6.6±0.7 (β Ni/Fe =37), respectively. A direct consequence of the
Ir/Pt β e value was the richer tritium gas phase produced relative to the conventional cell,
which was advantageous for direct reduction of HTO to HT gas.
The second part of the project consisted of quantifying the tritium gas generated
by the PEM electrolyzer in a proportional counter mounted in series with the PEM cell.
Counting conditions as well as the possibility of using enrichment before counting to
reach the Environmental Protection Agency (EPA) primary drinking water standard (740
Bq/L) detection limits were studied. The detector operating voltage, efficiency, and
background count rate of the passively shielded counter were measured in order to
calculate the minimum detectable concentration of the detection system. The optimum
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operating voltage was found to be 2250 V for a high purity mixture hydrogen/propane of
94/6 by volume, at atmospheric pressure. The efficiency of the counter determined with a
tritium gas standard diluted with the optimized high purity hydrogen /propane gas
mixture was 49±5%. The background for the 1 L detector passively shielded with 5 cm of
low-activity lead was 0.52±0.03 C/s for the optimized tritium region-of-interest. The
electrolytic fractionation factor of the PEM electrolyzer was determined by gas phase
tritium measurement to be 6.6± 0.6 and identical to that obtained from the prior aqueous
enrichment experiments. The minimum detectable concentration of the detection system
was calculated to be 530 Bq/L for a four hour count time without isotopic enrichment.
The system was used to quantify an aqueous phase solution of 740 Bq/L with a four hour
count and was in good agreement with conventional liquid scintillation analyses.
Aqueous enrichment of the sample by a factor of five before gas phase collection and
counting showed the precision can be significantly improved. Finally, analysis of tritiated
water standards of concentrations above 3000 Bq/L by this detection system was in good
agreement with conventional analyses.
The third part of the study consisted in determining a simple and efficient sample
pretreatment method to be used before electrolysis for direct measurement in a
groundwater well. This critical part to the analysis of actual tritiated water samples was
developed as the electrolytic cell can only receive pure water to perform the electrochemical reduction of tritiated water. A groundwater sample from the Savannah River
Site and a surface water sample collected downstream of a nuclear power station were
treated before analysis of their tritium content by both, liquid scintillation counting and

iv

our tritium gas detection system. In order to process the samples, columns analogous to
the Eichrom Tritium columns® were prepared in our laboratory. For deionization of the
water sample, Diphonix® resin in the H+ form was used as the cationic exchangecomplexation resin and the Dowex® resin 1X4 in the OH- form was used as the anionic
exchange resin. A polymethacrylate resin was placed after the deionizing segment in the
column to remove naturally occurring organic matter including organically bound tritium
carbon-14. The breakthrough capacity of the deionizing “segment” of the column was
determined with a 0.01 N KCl solution by conductivity measurement of the column
effluent and confirmed with ICP-AES. The breakthrough volume was used to estimate
the quantity of resin to be used to treat different samples. Conductivity measurements
after the deionizing step were equal to conductivity measurements of DDI water,
confirming the effectiveness of the deionizing treatment. However the total organic
carbon (TOC) measurement of the sample effluent, after the naturally occurring organic
matter removal, was found identical the measurements performed on the raw samples,
revealing a probable leaching of monomers from the polymethacrylate resin. Average
tritium recoveries for the groundwater and surface water samples were determined to be
99±5% and 96±16%, respectively. The average concentrations measured by LSC and our
electrolysis/proportional detection system were not different within associated
experimental error for both the GW and the SW samples.

v

DEDICATION
To Ibne, my husband
To Amandine and Evan, our children

vi

ACKNOWLEDGEMENTS
Without the help of many people, this work could not have been completed. I
would like to express my gratitude to all of them.
First, I would like to thank my advisor Dr. Timothy DeVol, who offered me the
opportunity to perform this research, guided and supported me through my work. Without
his countless advices and encouragements, this work could not have been possible. I
thank him for his immense support in preparing and sending me to present my work to
national and international conferences. This tremendously helped me improve my public
speaking. Also, I would like to acknowledge his critical role in my application for the
prestigious EPA STAR fellowship, which I obtained in 2006 and enabled me to conduct
my research in optimized conditions.
I would like to acknowledge Dr. Cindy Lee, Dr. Steve Creager, and, Dr. Robert
Fjeld, my committee members and professors for reviewing my work, bringing many
inputs to my research work, and simply helping me to become a better scientist.
Special thanks go to Dr. Göte Östlund, Dr. Jim Happell, Mrs. Charlene Grall, Mr.
Rick Oleson and Mrs. Ruth Bresher, who kindly received me in May 2005 at the tritium
laboratory and, where I was introduced to the tritium electrolytic enrichment method.
I would like to thank Dr. Senter, professor at the Clemson University
Mathematical Sciences Department who helped me with statistical work, Mr. Ken Dunn,
manager of the technical workshop, who improved many of my laboratory set ups, and

vii

Mr. Dayton Cash, scientist at the Electronic Microscope facility, for his help in
performing the PEM catalysts identification.
Special thoughts go to my lab mates and friends of several years, Lara, and Gati,
Inci and Ramona, Birsen, Ayman, Peng, Amy, and Landon, and to all my fellow students,
who in many respects added something special to my stay in Clemson.
I would like to express my gratitude to my parents and close friends, who
encouraged me to take my way; Anne-Marie and Dominique, my parents, Sylvie, my
sister, Jean, Nathalie, Delphine, Carmen and Alexandre.
Finally, I am infinitely grateful to my husband and our two children, who lived
each moment of this experience with me. Their enthusiasm in moments of breakthrough,
their encouragements and comfort in moments of doubts made me go on. I hope that in
the future I can return with the same generosity the time, patience and efforts they offered
me in the last critical years.

The following research work was conducted with funding from the US
Department of Energy, under the Environmental Remediation Science Program # DEFG07-99ER62888 grant entitled “Radionuclide Sensors for Water Monitoring” from
August 2003 until August 2006. From August 2006 until August 2008, the research
project was funded by the US Environmental Protection Agency under the STAR
Graduate Fellowship Program. EPA has not officially endorsed this dissertation and
views expressed herein may not reflect the views of EPA.

viii

TABLE OF CONTENTS
Page
TITLE PAGE ................................................................................................................

i

ABSTRACT..................................................................................................................

ii

DEDICATION ..............................................................................................................

vi

ACKNOWLEDGEMENTS ..........................................................................................

vii

LIST OF TABLES ........................................................................................................ xiv
LIST OF FIGURES ...................................................................................................... xvii
LIST OF SYMBOLS AND ABBREVIATIONS .........................................................
CHAPTER
1

INTRODUCTION ......................................................................................... 1
Tritium in groundwater monitoring research needs .................................. 1
Tritium properties ...................................................................................... 3
Tritium origins ........................................................................................... 5
Tritium in water measurement techniques ................................................ 8
Liquid scintillation counting of discrete sample ................................... 8
Gas proportional counting after water sample reduction ...................... 9
Other methods ....................................................................................... 10
Enrichment of water samples in tritium before counting...................... 11
Comparison of typical methods for the detection of tritium in
liquids.................................................................................................... 16
Polymer electrolyte membrane electrolyzer ......................................... 19
Preparation of water sample for PEM electrolyzer ............................... 24
Research objectives ................................................................................... 26

2

DETERMINATION OF TRITIUM ENRICHMENT
PARAMETERS OF A COMMERCIALLY AVAILABLE PEM
ELECTROLYZER: A COMPARISON WITH CONVENTIONAL
ENRICHMENT ELECTROLYSIS ............................................................... 28
Abstract ..................................................................................................... 28
ix

xx

Table of Contents (Continued)
Page
Introduction ............................................................................................... 29
Background ............................................................................................... 30
Alkaline electrolysis in conventional enrichment cell .......................... 30
Measurement of β- Determination of electrochemical
fractionation factor β e ........................................................................... 33
Acid electrolysis with proton exchange membrane
electrolyzer ............................................................................................ 35
Materials and methods ............................................................................... 36
Results and Discussion .............................................................................. 39
Enrichment parameters (E), (F) and (β) of PEM electrolyzer .............. 39
Comparison with the conventional cell................................................. 41
Conclusion ................................................................................................. 44
Acknowledgements ................................................................................... 45
3

PROPORTIONAL COUNTING OF TRITIUM GAS
GENERATED BY POLYMER ELECTROLYTE MEMBRANE
ELECTROLYSIS .......................................................................................... 46
Abstract ..................................................................................................... 46
Introduction ............................................................................................... 47
Background ............................................................................................... 48
Tritium in water detection system characteristics ................................. 48
Ir/Pt PEM electrolyzer isotopic properties ............................................ 50
Equation for tritium gas concentrations as a function of
electrolysis time .................................................................................... 51
Counting window, shielding and minimum detectable activity
(MDA)................................................................................................... 53
MDC of the assembly PEM electrolyzer/proportional
detector .................................................................................................. 54
Materials and Methods .............................................................................. 55
PEM electrolyzer .................................................................................. 55
Gas proportional detector ...................................................................... 56
Preparation of gas mixtures and their counting operation .................... 57
Operating voltage .................................................................................. 60
Optimal Counting Window –Counter efficiency .................................. 61
Determination of the Aqueous Tritium Concentration
Calibration Curve .................................................................................. 62
MDC of the detector in the laboratory environment ............................. 63
Finding β e from gas proportional measurement of the gas
phase generated by PEM electrolysis. .................................................. 63
Results and Discussion .............................................................................. 64

x

Table of Contents (Continued)
Page
Detector counting operation setting ...................................................... 64
Determination of the aqueous tritium concentration
calibration curve based on a 10 minute count time............................... 67
β e from gas proportional measurement of the gas phase
generated by PEM electrolysis.............................................................. 73
Comparison of the PEM electrolyzer/ gas proportional
detector system with other counting methods used in the
laboratory or in the field ....................................................................... 75
Conclusion ................................................................................................. 76
4

TREATMENT OF WATER SAMPLES BEFORE POLYMER
ELECTROLYTE MEMBRANE ELECTROLYTIC REDUCTION
OF H 2 O/HTO FOR COUNTING TRITIUM AS A GAS ............................. 77
Abstract ..................................................................................................... 77
Introduction ............................................................................................... 78
Materials and Methods .............................................................................. 81
Preparation of the resins........................................................................ 81
Measurements of total dissolved organic carbon after
treatment on polymethacrylate resin and GAC HD 4000 ..................... 82
Relation between conductivity and concentration in ppm .................... 83
Evaluation of the ionic breakthrough capacity of the
deionizing segment with a surrogate solution of 0.01N KCl
solution.................................................................................................. 84
Treatment of actual water samples ....................................................... 85
Comparison of sample tritium concentrations measured by
LLLSC to those measured by the PEM electrolyzer/ gas
detector .................................................................................................. 86
Results and Discussion .............................................................................. 88
Evaluation of the capacity of the deionizing column............................ 88
Measurements of total dissolved organic carbon after
treatment on polymethacrylate resin or HD4000 .................................. 90
Tritium Recovery from samples ........................................................... 92
Comparison of sample tritium concentrations measurements
generated by LSC, and our newly developed detection system............ 94
Conclusion ................................................................................................. 95

5

CLOSURE ..................................................................................................... 96
Summary ................................................................................................... 96
Specific conclusions .................................................................................. 98
Chapter 2 ............................................................................................... 98
xi

Table of Contents (Continued)
Page
Chapter 3 ............................................................................................... 99
Chapter 4 ............................................................................................... 100
Future work ............................................................................................... 102
APPENDICES .............................................................................................................. 104
A

B

C

Data relative to the determination of tritium enrichment parameters
of the commercially available PEM electrolyzer ........................................... 105
Picture of the PEM electrolyzer ............................................................ 105
Enrichment parameters data .................................................................. 106
Counting error computation .................................................................. 107
Electron microscopy coupled with X-ray wavelength
dispersive spectroscopy elemental analysis of different
components of the PEM electrolyzer .................................................... 108
Statistical analysis for the β value dependence on volume
ratio VR ................................................................................................. 113
Computed enrichment factors for the PEM and Conventional
Ni/Fe electrolyzer.................................................................................. 114
Data relative to the gas proportional counting of tritium gas ........................ 115
Proportional counter.............................................................................. 115
Counting curves .................................................................................... 116
Conversion factor C v calculation .......................................................... 116
Determination of the Counting window ............................................... 117
Data relative to Figure 3.1 .................................................................... 118
MDA determination for two different concentrations of
propane gas in counter in the proportional region of the
counter................................................................................................... 119
Data relative to Figure 3.3 .................................................................... 120
Data relative to Figure 3.4 .................................................................... 122
Data relative to Figure 3.5 .................................................................... 123
Data relative to Figure 3.6 .................................................................... 124
Data relative to Figure B.2 .................................................................... 126
Data relative to Figure 3.7 .................................................................... 130
Data relative to the Field experiment .................................................... 131
Treatment of water samples before PEM electrolysis ................................... 134
Typical composition of natural waters- Estimation of their
conductivity........................................................................................... 134
Data relative to the breakthrough curve data ........................................ 136
Data relative to conductivity measurements after treatment................. 138
Data relative to tritium yield after each treatment step ......................... 139
Data relative to Table 4.4 ...................................................................... 140

xii

Table of Contents (Continued)
Page
6

REFERENCES .............................................................................................. 141

xiii

LIST OF TABLES
Table

Page

Table 1.1

Comparative doses from radionuclides ingested in soluble form by
adult members of the public (Harrison et al., 2001) .................................. 4

Table 1.2

Synthesis of comparison of typical methods used for the detection of
tritium in liquids. (Wood et al., 1993) ....................................................... 17

Table 1.3

Comparison of detector characteristics ...................................................... 18

Table 3.1

Summary of different tritium in water detection system characteristics ... 49

Table 3.2

Evaluation of the 4 hour counting rate difference between a sample at
an aqueous concentration of 740 Bq/L and corresponding aqueous
blank .......................................................................................................... 70

Table 3.3

Determination of β e ................................................................................... 74

Table 4.1

Typical conductivities in different waters (Heiland, 1968)Corresponding concentrations expressed in meq/L based on
composition and conductivity of typical surface waters and
groundwaters (Appendix C). ..................................................................... 80

Table 4.2

TOC measurements of the GW after each treatment step ......................... 90

Table 4.3

Tritium recovery percentages at various stages in the treatment
process ....................................................................................................... 93

Table 4.4

Sample tritium concentrations measured by LSC and the PEM
electrolyzer/gas proportional system ......................................................... 94

Table A.1

Electrolysis measured quantities V, V 0 , T, T 0, and rinse activity and
associated 1-σ propagated uncertainty. ..................................................... 106

Table A.2 Enrichment parameters F, E, β and β e determined from the aqueous
enrichment experiments ............................................................................. 106
Table A.3

Least square linear regression of β parameters and ANOVA table
obtained with Statistix 9.0 ......................................................................... 113

xiv

List of Tables (Continued)
Table

Page

Table A.4 Calculated average enrichment in PEM and Ni/Fe electrolyzers based
on measured and published values of β (β PEM = 4.7 ; β Conventional = 26). .... 114
Table B.1 Computed concentration of tritium in the hydrogen gas generated by
electrolysis of a 740 Bq/L aqueous solution .............................................. 118
Table B.2 Establishment of steady state propane and tritium gas mixture CR.
LLD placed at channel 82. ULD placed in channel 8192.......................... 120
Table B.3 Operating voltage setting ........................................................................... 122
Table B.4 Calibration curve of the PEM electrolyzer/gas proportional counting
system ........................................................................................................ 123
Table B.5 PEM electrolyzer/gas detector assembly MDC (Bq/L water ) ....................... 124
Table B.6 Establishment of blank I steady state concentration .................................. 126
Table B.7 Establishment of blank II steady state concentration ................................ 126
Table B.8 Establishment of blank III steady state concentration ............................... 127
Table B.9 Establishment of 740 Bq/L I steady state concentration ........................... 127
Table B.10 Establishment of 740 Bq/L II steady state concentration .......................... 128
Table B.11 Establishment of 740 Bq/L III steady state concentration ......................... 128
Table B.12 Four hour counting of three blanks and three 740 Bq/L samples .............. 129
Table B.13 Simultaneous enrichment and counting of the tritium gas generated by
electrolysis of a blank and the corresponding aqueous standard at 740
Bq/L ........................................................................................................... 130
Table C.1 major constituents and parameters of surface waters (concentration
from Langmuir, 1997) ............................................................................... 134
Table C.2 major constituents and parameters of groundwaters (concentration
from Langmuir, 1997) ............................................................................... 135
Table C.3 ICP-AES Calibration ................................................................................. 136
Table C.4 Breakthrough curve data ............................................................................ 137
xv

List of Tables (Continued)
Table

Page

Table C.5 Conductivity measurements....................................................................... 138
Table C.6 Concentrations of the samples after each treatment step ........................... 139
Table C.7 Sample tritium concentrations measured by LLLSC and our newly
developed detection system ....................................................................... 140

xvi

LIST OF FIGURES
Figure

Page

Figure 1.1 Cell for electrolytic enrichment. (From Östlund and Dorsey, 1977) ......... 12
Figure 1.2 Sensitivities of different nuclear counting methods for tritium in
water; Gas proportional counting (GPC), low level liquid scintillation
counting (LLLSC), liquid scintillation counting (LSC), Liquid
scintillation flow cell (LSFC), solid scintillation flow cell (SSFC). ......... 19
Figure 1.3 PEM acidic electrolysis simplified schematic. .......................................... 21
Figure 1.4 Chemical structure of the Nafion® membrane (from Dupont, 2006) ........ 22
Figure 2.1 Typical tritium enrichment cell (Östlund and Werner, 1962) ................... 32
Figure 2.2 Experimental set up ................................................................................... 37
Figure 2.3 Enrichment parameters E and F of the PEM cell ...................................... 40
Figure 2.4 Actual and average β and βe values in PEM electrolyzer (Values are
in Appendix A, Table A.4) ........................................................................ 42
Figure 2.5 Average enrichment curve in PEM and Ni/Fe electrolyzers based on
measured and published values of β. ......................................................... 44
Figure 3.1 Concentration of tritium in the hydrogen gas generated by electrolysis
of a 740 Bq/L aqueous solution. ................................................................ 52
Figure 3.2 General apparatus to perform gas mixtures and measurements of the
tritium in the gas phase generated by the electrolyzer ............................... 61
Figure 3.3 Establishment of propane and tritium steady state counting rate in the
counter ....................................................................................................... 65
Figure 3.4 Operating bias voltage setting ................................................................... 66
Figure 3.5 Calibration curve of the PEM electrolyzer/gas proportional counting
system based on 10 minute count time ...................................................... 68

xvii

List of Figures (Continued)
Figure

Page

Figure 3.6 PEM electrolyzer gas detector assembly MDC. The 740 Bq/L
concentration is represented with a horizontal line. .................................. 69
Figure 3.8 Simultaneous enrichment and counting of the tritium gas generated by
electrolysis of the enriching aqueous sample ............................................ 73
Figure 4.1 Chemical treatment applied to SWI, SWIII, GWII and GWIII. ................ 87
Figure 4.2 Chemical treatment for SWII and GWI. .................................................... 87
Figure 4.3 Evaluation of the breakthrough capacity of two columns mounted in
series for a 0.01 N KCl solution. ............................................................... 89
Figure A.1 Picture of the STAXX7 PEM electrolyzer used in all experimental
work ........................................................................................................... 105
Figure A.2 Ir/Pt PEM electrolyzer cathode. Area showing the Nafion membrane.
The zone selected for the analysis is the catalyst for identification of
the metal..................................................................................................... 108
Figure A.3 PEM electrolyzer cathode. Area showing the Nafion membrane. The
analysis was performed on a zone with carbon. ........................................ 109
Figure A.4 PEM electrolyzer cathode. Area showing the Nafion membrane. The
elemental composition is performed on a small portion of the
uncovered membrane. ................................................................................ 110
Figure A.5 PEM electrolyzer. Conduction grid elemental composition. The
analysis is performed on a specific area of the grid................................... 111
Figure A.6 PEM electrolyzer. Elemental composition of the anode after anode
mapping. No specific zone was selected. .................................................. 112
Figure B.1 LLD and ULD positioning......................................................................... 117
Figure B.2 Variation of MDA in the counter for two different concentrations of
propane gas in the counter. The bias voltage applied to the counter is
in the proportional region. Gases are highly purified from gas tanks. ...... 119
Figure B.3 Establishment of steady state concentrations in the counter for three
blanks and three 740 Bq/L tritiated aqueous samples. .............................. 125

xviii

List of Figures (Continued)
Figure

Page

Figure B.4 BDCR and aqueous MDC as a function of depth in the well recorded
in optimal counting window (channel 328 through 1336). The MDC is
based on 10 minute count time. ................................................................. 132
Figure B.5 Picture of the field experiment: gas proportional counter going into
the well. The gas proportional counter is filled with a 94/6 mixture of
hydrogen/propane gas. ............................................................................... 133

xix

LIST OF SYMBOLS AND ABBREVIATIONS
Arabic Symbols
E

Tritium aqueous enrichment

fT

Tritium particle emission fraction

Q

Energy balance for a nuclear reaction

R

Tritium aqueous recovery factor

F

Evolved tritium activity fraction

V

Volt

VR

Volume ratio

meq

milliequivalent

dpm

decay per minute

Greek Symbols
β

Beta particle

β

Fractionation factor

xx

List of Symbols and Abbreviations (Continued)
βe

Electrolytic fractionation factor

ε

Counting efficiency

Abbreviations
BGCR

Background Counting Rate

CR

Counting Rate

DDI

Distilled De-Ionized

DNA

Deoxy-ribo-Nucleic Acid

DNAPL

Dense Non Aqueous Phase Liquid

GCR

Gross Counting Rate

GPC

Gas proportional counting

HWR

Heavy Water Reactor

HT

Tritium gas

HTO

Tritiated water

LSC

Liquid Scintillation Counter

LLLSC

Low Level Liquid Scintillation Counter

xxi

List of Symbols and Abbreviations (Continued)
LSFC

Liquid Scintillation Flow Cell

LWR

Light Water Reactor

MDA

Minimum Detectable Activity

MDC

Minimum Detectable Concentration

NRC

National Research Council

NCRP

National Council on Radiation Protection

OC

Organic Carbon

PEM

Proton Exchange Membrane

PM

Polymethacrylate

PUREX

Plutonium Uranium Recovery by Extraction

Rem

Röentgen Equivalent Man

SDWA

Safe Drinking Water Act

SRS

Savannah River Site

SSFC

Solid Scintillator Flow Cell

TOC

Total Organic Carbon

xxii

List of Symbols and Abbreviations (Continued)
TU

Tritium Unit

US DOE

United States Department of Energy

US EPA

United States Environmental Protection Agency

xxiii

.

CHAPTER 1
INTRODUCTION
Tritium in groundwater monitoring research needs
From the beginning of the Manhattan project until the end of the cold war,
intentional and unintentional releases of contaminants including radionuclides, dense
non-aqueous phase liquids (DNAPL) and metals have occurred at the US Department of
Energy (DOE) sites. The contamination generated by nuclear weapons production and
testing have caused an estimated 6.4 billion cubic meters of contaminated soil,
groundwater and other media (NRC, 2000). Tritium among other radionuclides is of
concern. At the Hanford site, for example, one of the main sources of subsurface
contamination in the 100-area of the site is tritium from contaminated reactor cooling
water. Tritium is also present in the groundwater at concentration levels above the
drinking water standard in the 200-area of the Hanford site due to leaks from high level
waste tanks (NRC, 2000). Most of the contamination contained in the subsurface of DOE
sites is problematic because the contaminants are difficult to locate, characterize and
remediate. Removal of tritium contamination is often technically impractical. The effort
of scientists in those sites is, therefore, mainly focused on the understanding, prediction
and containment of the subsurface contamination (NRC, 2000). Tritium is generated in
commercial nuclear power plants. According to the Nuclear Regulatory Commission,
1

leaks of tritium occurred at six nuclear power plants in the US. A significant leak of
tritium was discovered recently at the Exelon’s Braidwood facility in Illinois where more
than six million gallons of tritiated cooling water were released to the environment over a
nine year time period by a faulty discharge pipe. On-site monitoring wells showed tritium
concentration levels as high as 282,000 pCi/L, which is 14 times higher than the safe
drinking water standard (Johnson, 2006). Natural attenuation and containment are usually
the methods of choice in tritium contamination cases (NRC, 2000). Tritium monitoring
ensures regulation standards are respected for the protection of the public and workers of
DOE sites. In its 2000 report on research needs in subsurface science, the National
Research Council (NRC) identified a lack of projects addressing the characterization of
the subsurface contamination, its containment, stabilization and monitoring. An important
component of the research needs, cited by the NRC, is the monitoring of contaminants
and more specifically the design of monitoring systems to detect current and changing
conditions of the contamination in the subsurface. In 2000, DOE expressed the research
need for selective sensors appropriate for monitoring pure β emitters in water (US DOE,
2000, 2001). Tritium is among the β emitters of concern. The research should enable the
development of in-situ sensors which will avoid expensive sampling operations and
laboratory analysis (US DOE, 2001). Those sensors should facilitate real time
measurement that can detect earlier potential increases in concentration due to new
sources of contamination. This will decrease the risk to health and cost of long term
monitoring.

2

Tritium properties
Tritium is the only radioactive isotope of hydrogen. Its mass number is 3. With a
half life of 12.32 years, tritium decays to 3He by emission of low-energy beta radiation.
The energy of the particle emitted has an average value of 5.7 keV and a maximum value
of 18.59 keV (Parrington et al., 1996). The activity of a tritium atom decreases each year
by a factor of 5.576 percent. The two preponderant forms of tritium found in nature are
HT and HTO, the latter being largely favored. Hence, the mass action equilibrium
coefficient for the reaction
HT +H 2 O ↔ HTO +H 2

(1.1)

is approximately 6 at 250C , which indicates a preferential formation of tritiated
water (Jacobs, 1968). The preponderant presence of tritium as HTO and HTO vapors is of
special concern because it can be easily assimilated by biological systems and represents
a bigger threat to the health of people working with tritium. The beta radiation emitted by
tritium is weak, traveling a maximum distance of 4.5 mm in air and less than 600 μm in
water, and does not represent an external radiation hazard. Nevertheless, tritium
represents a potential health hazard when inhaled, ingested and absorbed by the skin. Its
radiotoxicity remains comparatively much lower than those of other radionuclides of
radiological importance, as seen in Table 1.1. Inside the body, tritium exchanges with
protium atoms of water or may bond to organic molecules. It is assumed that the tritium
in the HTO form is uniformly distributed within the body. Whereas tritium in the form of
HTO has a biological half life of 10 days in adults, that is, half the activity in the body is
excreted in 10 days, organic bound tritium has a longer biological half life of 40 days
3

(Harrison et al., 2001). This results in a dose intake from organically bound tritium
(OBT) of twice as much as the dose intake of tritium in its HTO form. The effects of
exposure to HTO and tritiated organically bound tritium are the same as those observed
from external radiation by X-rays and gamma rays and result mostly by ionization
damage to cell deoxyribonucleic acid (DNA). Transmutation of tritium to helium is also
known to cause DNA damage as the H-C bonds may be transformed to very reactive
carbon ions resulting in DNA single strand breaks and interstrand cross links (Harrison et
al., 2001).

Table 1.1

Comparative doses from radionuclides ingested in soluble form by adult
members of the public (Harrison et al., 2001)

HTO

Dose conversion factors relative to
HTO
1

OBT

2

Radionuclide / form

14

C

30

90

Sr

1600

131

I

1200

137

Cs

720

239

Pu

14000
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Tritium origins
Tritium is naturally produced by interaction of nitrogen-14 or oxygen-16 with
cosmic ray neutrons or solar protons. The main reactions of natural tritium production
are:

14

→

3

Q = - 4.3 MeV

(1.2)

14

→

3

Q = - 11.5 MeV

(1.3)

→

3

Q= -15.1MeV

(1.4)

N + 1n
N + 1n

H + 12C
H + 3 4He

and
16

O + 1n

H + 14C

Q represents the energy balance for the nuclear reaction. If Q is positive, then the nuclear
reaction is accompanied by the release of energy. When Q is negative, that amount of
energy needs to be provided to reactants in order to trigger the nuclear reaction. It is
estimated that the annual production of natural tritium is 0.7 to 1.4 x 106 Ci resulting in a
steady state world inventory of 0.5 to 1.4 x 108 Ci, (Östlund et al., 1987; Vasaru, 1993).
Only 1% of this activity is seen in the atmosphere in the form of tritiated water vapor
(HTO) and tritium gas (HT). The other 99% are found in the hydrosphere. Contemporary
levels of tritium in ground and surface waters of the northern hemisphere are at an
average value of 0.6 Bq/L, but great geographical variation persists about this average
value (Neary, 1997).
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Tritium is also produced by fission and neutron activation reactions in nuclear
power plants as well as thermonuclear reactions (Vasaru, 1993). The thermonuclear
reactions for tritium formation are the fusion of two deuterium atoms and the fusion of a
neutron with lithium 6 as shown by (1.5) and (1.6), respectively.
2

→

3

Q = 4.03MeV

(1.5)

6

→

3

Q = 4.69MeV

(1.6)

H + 2H
Li + 1n

H + 1H
H + 4He

Generation of tritium by fusion of the two deuterium atoms is the principal reaction
taking place. At the planet scale, a total weight of 120 kg of tritium has been released
from nuclear detonation (Vasaru, 1993).
In light power reactors (LWR), ternary fission of the fuel

235

U is the main

mechanism of tritium production. A general equation for the reaction is:
n + 235U → FP1 + FP2 + 3H + 1n + γ

1

(1.7)

where FP1 and FP2 are fission products 1 and 2, respectively.
To a lesser extent, interactions of neutrons with elements in the core of a nuclear reactor
(coolant/moderator and control rods) generate tritium. The nuclear reaction with 6Li as
seen in (1.6) is one of them. Other important ones are:
H+ 1n → 2H + 1n →3H + γ Q= 6.26 MeV (Coolant/Moderator)
B + 1n → 3H + 2 4He
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Q= 8.43 MeV (Control rods)

(1.8)
(1.9)

Most of the tritium remains in the fuel elements and is released during the reprocessing of
fuel elements. On the other hand, observed concentrations of tritium less than 1 mCi/Kg,
in cooling and moderation systems, are directly released to the environment without
additional processing (Vasaru, 1993).

6

In heavy water reactors (HWR), the production of tritium is for the most part
attributed to interaction between neutrons and deuterium (equation 1.10), which is the
moderator of the reactor. Interactions between neutrons and boron, neutrons and lithium
and ternary fission (equation 1.7) are the three other minor tritium formation mechanisms
seen in HWR.
H + 1n →3H + γ

2

(1.10)

Concentration of tritium in heavy water may reach activity concentrations as high as 65
Ci/Kg after 30 years of operation (Vasaru, 1993). Tritium is then in the form of tritiated
heavy water DTO. In comparison, the concentration of tritium activity in the coolant is
relatively moderate with equilibrium values reaching 2 Ci/kg (Vasaru, 1993). Usually
tritium release from leakages of the coolant or moderator is kept within the reactor
building and emissions to the environment are, therefore, well controlled. Typically,
airborne and water releases to the environment are measured below 1% of the allowable
release limit resulting in a dose of less than 0.5 rem/year (Vasaru, 1993). In the US, the
derived concentration guides for radionuclides in process effluents are deduced from an
exposure resulting in a 100 mrem effective dose equivalent at the point of discharge from
the effluent conduit to the environment (US DOE, 1993).
Finally, it is important to mention that tritium is released in various proportions
from fuel reprocessing plants depending on the type of reactor it comes from or the
cladding material. For example, most of the tritium produced within a zircalloy cladding
remains within the shell. On the other hand, stainless steel cladding is permeable to
tritium and only a fraction has to be dealt with in the reprocessing plant. In a PUREX
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process, the nitric acid used to dissolve the fuel rod in order to separate the uranium and
plutonium becomes tritiated nitric acid. However, about 60% of the tritium present in the
cladding still remains associated with the cladding material and the other 40% is released
in effluents of water + nitric acid (Vasaru, 1993). Tritium effluents are even more diluted
once discharged into surface and groundwater.
It is estimated that during the 21st century, the nuclear power industry will
constitute the main source of tritium in the biosphere, in the absence of thermonuclear
testing. In the 1990s, because of the radioactive waste products from the weapons testing,
it was estimated that about 40 years of decay would be necessary to decrease this tritium
source to a natural level (Vasaru, 1993). In 1996, the comprehensive test ban treaty was
adopted by most of the countries possessing nuclear weapons. The last nuclear tests were
conducted in India and Pakistan in May 1998, and in North Korea, in October 2006 (BBC
News, 2006).

Tritium in water measurement techniques
Liquid scintillation counting of discrete sample
Liquid scintillation counting is the most common technique used to measure
tritium in water samples (Wood et al., 1993). Tritiated water is usually mixed with a
cocktail in a 20 mL liquid scintillation vial. The sample is then placed in a liquid
scintillation counter, which typically contains two photomultiplier tubes operated in
coincidence. In the water-cocktail mixture, beta radiation emitted from tritium interacts
8

with the cocktail molecules, resulting in the emission of photons which are subsequently
detected by the photomultiplier tubes. The summed height of the resultant pulses from the
two photomultiplier tubes is proportional to the energy of the beta particle. The two
photomultiplier tubes function in coincidence mode in order to reduce the noise
contribution from each of the photomultiplier tubes. The efficiency of commercially
available liquid scintillation counters (LSC) ranges from 35 to 55% (Wood et al., 1993).
Their detection limit in typical analysis is about 200 Bq/L (1.86x10-13 mol/L) for a 1 mL
water sample counted for 10 minutes (Wood et al., 1993). In the Wallac Quantulus low
level liquid scintillation counter (LLLSC), additional passive shielding and a second
coincidence counting system permits the subtraction of cosmic events from the tritium
channel, reducing the noise and tremendously enhancing the detection limits. Efficiency
values are found around 28% and a detection limit as low as 0.65 Bq/L (6.05x10-16
mol/L) of tritium for an 8 mL water sample for a 500 minute counting time can be
achieved (Wood et al., 1993). The detection limit values reported here are given for
typical analyses of water samples containing low concentration level of tritium. LLLSC
is a suitable alternative to the very sensitive proportional gas counting method.

Gas proportional counting after water sample reduction
Gas proportional counting is used to count tritiated hydrogen gas obtained by
chemical reduction of a tritiated water sample. The tritiated water sample is completely
reduced to hydrogen gas before its admission to the gas proportional counter. Reduction
methods usually use hot magnesium (Östlund and Dorsey, 1977; Bowman and Hughes,
9

1981). Because of high temperature and complete conversion, the latter reduction
reaction does not allow isotopic fractionation. The newly formed hydrogen gas is
accepted in a frozen stainless steel cartridge containing charcoal. The stainless steel
hydrogen gas trap is then allowed to equilibrate with room temperature. Finally, an
appropriate quenching gas is sent along with the tritiated hydrogen gas to the proportional
counter isolated in massive passive and active shielding. Östlund and Dorsey (1977) use a
propane hydrogen mixture as their counting gas in the proportion of 25% to 75%,
respectively. This mixture rich in propane allows an efficient discrimination against
background, which is on the low energy of the tritium spectrum. About 80% of the
background, mainly from cosmic events, appear above the 25 keV of energy released
within the counter (Östlund and Dorsey, 1977). Most of the tritium proportional counters
have a detection limit of 0.2-0.4 Bq/L, for a counting time of 1000 minutes (Wood et al.,
1993). Gas proportional counting has a slightly lower detection limit than the LLLSC.

Other methods
Among the less common techniques used to count tritium in water samples is the
mass spectrometer technique. This method, developed in the late 70s, provides the best
sensitivity but necessitates the sample to be stored for six months in a sealed container to
allow the ingrowth of 3He prior to measurement by the mass spectrometer (Wood et al.,
1993). Liquid and solid scintillation flow cells have been developed for real time tritium
in water measurements but present some disadvantages in terms of the disposal of the
cocktail used to mix with the sample (liquid scintillation systems), fouling problems due
10

to bacteria growing in the system or silt accumulation and rust (solid scintillation
systems). Fouling problems lower efficiency and deteriorate detection limits.

Enrichment of water samples in tritium before counting
Measurements

of

environmental

tritium

concentrations

sometimes

necessitate

preliminary enrichment of the water samples because of the detection limits of tritium
counting equipment. Tritium concentrations are traditionally reported in Tritium Units
(TU) where 1TU represents one atom of tritium per 1018 atoms of hydrogen. One TU is,
therefore, equal to 3.193 pCi per kg of water, 0.1181 Bq per kg of water, and 7.088
dpm/kg of water. Various methods are available to accomplish enrichment of the water
samples. Electrolysis is the most popular method. Other methods such as thermal
diffusion, gas chromatography and distillation present some practical limitations. Sample
size cannot exceed 20 and 40 g for thermal diffusion and gas chromatography. For
distillation the holdup time in the separation column is comparatively long to achieve an
enrichment factor of ten. More details about those methods can be found in the National
Council on Radiation Protection (NCRP) report No. 47 (1976). Enrichment by
electrolysis is used at the Tritium Laboratory of Miami in the US and the Tritium
Laboratory of Waterloo in Canada for routine analysis of environmental tritiated water
samples (Fritz and Leap, 1991). At the Miami laboratory, the electrolysis is performed in
a specific cell whose simplified diagram is shown in Figure 1.1.
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Current
suppl y

50 mL
25 mL

2.5 mL

Figure 1.1

Cell for electrolytic enrichment. (From Östlund and Dorsey, 1977)

The electrolysis is performed under alkaline conditions. The reaction equation is:
At the Anode (+):

2OH-

 0.5O 2 + 2 e- + H 2 O

(1.11)

At the Cathode (-):

2H 2 O + 2e-

 2OH- + H 2

(1.12)

----------------------------------------------Sum of half equations

 0.5O 2 + H 2

H2O

(1.13)

Sodium hydroxide is usually added to the water sample. Addition of sodium hydroxide is
performed after a careful distillation of the water sample. Sodium hydroxide of 1% to
20% is usually used. Higher concentrations are unmanageable. The materials used for the
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anode and cathode are nickel and iron, respectively. The latter supports the reduction of
water to hydrogen with a current density that does not rise above the 0.2 amps/cm2 level
(Östlund and Dorsey, 1977). The electrolysis is typically performed in two phases, on a
275 mL water sample, which is reduced to a final volume of 2.75 mL. The electrolysis
lasts about ten days. Due to the size of the cell and electrodes, the entire volume of the
sample has to be processed in fractions. A periodic addition of 50 mL of water sample is
performed every day for four days. This constitutes the first phase of the electrolysis.
During this phase, the sample volume is decreased from a volume of 275 mL to a volume
of 25 mL and the current flowing through the cell is constant and has a value of 6
amperes (Östlund and Dorsey, 1977). Then, during the second electrolysis phase, the
water sample is allowed to decrease from 25 mL to 2.75 mL at a constant voltage of 3.75
V. The fractionation factor, also called separation factor, defined as the ratio of tritium to
hydrogen in the electrolyte to the ratio of tritium to hydrogen in the evolved hydrogen gas
(Taylor, 1981), has a value of 26±3 for the iron cathode (Östlund and Dorsey, 1977). The
fractionation factor is constant throughout the electrolysis. The aqueous tritium recovery
achieved, which is the ratio of the tritium atom number present in the final water sample
to the number of tritium atoms in the initial water sample, is 80±2%. Tritium recovery, as
high as 90% can be achieved with volume reduction factors of up to 15 (Cameron, 1967).
The general equation for the electrolytic enrichment is:
∆p
∆t
=β
p
t

(1.14)
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where p and t are the number of moles of protium and tritium, respectively, and β the
fractionation factor for tritium with respect to protium. Beta is independent of the isotopic
content (Kaufman and Libby, 1954). It may vary with electrode material, current density
and temperature as well as the nature of the electrolyte (Cameron, 1967). The equation
governing electrolytic separation of tritium from protium expresses most likely isotope
effects. Those effects are caused by the difference in the rates of exchange reactions
taking place at the electrodes during the formation of O 2 and H 2 , which results in
preferential evolution of protium and the concentration of tritium in the water sample
(Cameron, 1967). Among the causes of faster evolution of protium with respect to tritium
is the higher probability of tunneling for protium with respect to tritium (Krishtalik,
2001). The isotopes of hydrogen have been used extensively to elucidate the mechanism
of hydrogen evolution in acidic medium. The method consists in observing the change in
the reaction rate at a specific electrode when there is a change in the isotope participating
in the reaction. The fractionation factor is the quantity used to evaluate the isotope effect
because it is proportional to the relative rates of evolution of H 2 and HT. A theoretical
fractionation factor can be determined based on theoretical rates calculated from assumed
mechanisms. The two quantities are contrasted and a mechanism for hydrogen evolution
can be attributed for that specific metal electrode. Hydrogen evolution has been studied
on more than 20 metals. Bockris and Reddy (1970) report a few values of the
protium/tritium fractionation factors in their work. While lead, cadmium, mercury, and
tungsten exhibit fractionation factors ranging from 5.8± 0.3 to 9.2±0.5, platinum,
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rhodium and nickel have fractionation factor of 9.6±0.4, 10.7±0.4 and 18±0.9
respectively.
The electrolytic enrichment equation can be integrated and leads to :
ln (p/p o ) = β ln (t/t o )

(1.15)

where p o and t o are initial protium and tritium mole numbers.
Assuming that t is very small compared to p, we can write:
V ≈ 18* ( p+ t )

(1.16)

where V is the volume of the water sample in cm3 and 18 is in cm3/mol and
V/V o = p/p o = (t/t o ) β

(1.17)

where Vo is the initial volume of the sample
Expressed in concentration terms, the equation becomes:
T/To = (Vo/V)1-1/ β (Kaufman and Libby, 1954 ; Neary, 1997)

(1.18)

where T and To are the tritium concentrations in the final and initial solution,
respectively.
The enrichment factor (E) is the ratio of the tritium concentration in the final sample (T)
to the concentration of the initial sample (To).
The aqueous recovery factor for tritium, R, can be simply written:
R = (TV) / (ToVo)

(1.19)

The aqueous tritium recovery factor accounts for the amount of tritium that remains in the
aqueous phase.
The aqueous tritium recovery factor can also be expressed by the following equation
(Östlund et al., 1987):
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R = (V/Vo)1/β

(1.20)

This expression is valid for a batch electrolysis operation but is used in first
approximation for the periodic addition type electrolysis. The exact but rather
complicated analytical expression is given in Östlund and Dorsey (1977).
The fractionation factor can be determined with the use of a standard solution of
known concentration To and the measured T. If the final volume of water is accurately
measured, beta can be deduced from the initial and final volumes (Cameron, 1967).
Uncertainty in R and β reflect the uncertainty in the counting measurement as well as the
uncertainty in the initial and final volumes of the standard solution. The uncertainty in
beta can also be determined by running several “identical” electrolyses, where the
corresponding standard deviation is calculated for beta values obtained from the runs.
The uncertainty in the unknown concentration of the sample is a function of activity
measurement errors and variation in the enrichment procedure, which is expressed as an
error in the fractionation factor.

Comparison of typical methods for the detection of tritium in
liquids
Table 1.2 gives a summary of important factors of comparison between common
methods of tritium detection in water samples. The values of detection limit in Table 1.2
are based on the typical measurement time (given) on commercially available
instruments. From this table, it can be seen that the 3He mass spectroscopy method is the
most sensitive. However it has the greatest preparation-analysis time requirement. On the
16

other hand, liquid scintillation flow cells (LSFC) and solid scintillation flow cells (SSFC)
exhibit a remarkable short time of implementation and measurement while they exhibit
the worst sensitivity of all methods. It is evident that enrichment combined with internal
gas proportional counting (GPC) or low level liquid scintillation counting (LLLSC) offer
the best compromise between sensitivity and analysis time, with a slight advantage to the
gas proportional systems.

Table 1.2

Synthesis of comparison of typical methods used for the detection of tritium
in liquids. (Wood et al., 1993)

Method of
measurement
3
He mass
spectrometry

Sample
preparation time
6 months

Measurement time

Detection limit

0.5 hours

~10-3 Bq/L

Enrichment with
internal GPC

2 weeks

24 hours

~10-3-10-2 Bq/L

Enrichment and
LLLSC

2 weeks

24 hours

~10-2 Bq/L

Internal gas
proportional counting

6 hours

10 hours

~10-1 - 1 Bq/L

LLLSC

Minutes to 1 hour

10 hours

~1Bq/L

Liquid scintillation
counting (LSC)

1 min

10 minutes

~100 -1,000 Bq/L

Liquid scintillator
flow cell (LSFC)

No preparation

5 minutes

~300 Bq/L

Solid Scintillator flow
cell (SSFC)

No preparation

5 minutes

~10,000-100,000 Bq/L

A comparison of the detection limit of the various nuclear counting instruments should be
based on nuclear counting statistics. Table 1.3 shows the comparison performed with five
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nuclear instruments whose characteristics are specified in the scientific literature or
originate from measurements performed in our laboratory. MDC of the different nuclear
counting instruments for tritium in water are represented in Figure 1.2. The same trends
in the sensitivities given by Wood (1993) are observed. Liquid scintillation flow cells
studied by Sigg et al. (1994), however, show a better performance than reported by Wood
et al. (1993). Gas proportional counting remains the most sensitive method available
among the nuclear methods used to measure tritium in water.

Table 1.3

Comparison of detector characteristics

Type of

Efficiency

Volume of water sample

Background

counter

(%)

analyzed (mL)

counting rate

Reference

(cpm)
GPC

98

2.5

0.5

Ostlund

and

Dorsey, 1977
LLLSC

26

10

3

Soreefan’s
notebook , 2006

LSC

22

10

13

Soreefan’s
notebook , 2004

LSFC

36

1.11

16

Sigg et al., 1994

SSFC

0.35

1.11

18

Hofstetter, 1991

18

10

GPC

5

LLLSC
LSC

MDCwater (Bq/L)

10

4

LSFC
SSFC

1000

100

10

1

0.1
10

100

1000

10

4

Counting time (min)
Figure 1.2

Sensitivities of different nuclear counting methods for tritium in water; Gas
proportional counting (GPC), low level liquid scintillation counting
(LLLSC), liquid scintillation counting (LSC), Liquid scintillation flow cell
(LSFC), solid scintillation flow cell (SSFC).
Polymer electrolyte membrane electrolyzer

The polymer electrolyte membrane (PEM) electrolyzer, also called proton exchange
membrane electrolyzer, performs acid electrolysis of water. The electrolyte is a proton
conducting polymer membrane confined between two thin electrodes usually made of
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catalytic materials supporting the decomposition of water molecules into oxygen and
hydrogen gas, according to the following equations:

Anode (+):

2H 2 O 4H+ + 4e-+ O 2

(1.22)

Cathode (-):

4H+ + 4e-  2 H 2

(1.23)

----------------------------------------2H 2 O  2 H 2 + O 2

(1.24)

This electrolyzer functions in reverse of the PEM fuel cell, which combines H 2 gas and
O 2 gas to form water and generate electricity. The advantage of this relatively new
technology over the classical alkaline electrolyzers is the simplicity of design and
functioning, compactness and the limitation in corrosion issues since the electrolyte is a
solid and the acid groups are immobile and immersed in the chemically inert fluoropolymer matrix. PEM electrolysis used in small scale application is considered a mature
technology, since it has been used for several tens of years in submarine and aeronautical
applications for the production of oxygen (Treadwell Corporation, 2006; Hamilton
Sundstrand Space Systems International, Inc., 2006). A simplified schematic of PEM
electrolysis is given in Figure 1.3.
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ePolymer electrolyte membrane
Membrane/ Electrode assembly

Figure 1.3

PEM acidic electrolysis simplified schematic.

Polymer electrolyte membrane
The polymer electrolyte membrane is a thin organic polymer sheet, which in the presence
of water becomes selectively permeable to positive ions. When the positive ions are
hydrated protons, the proton conducting polymer is called Nafion®. In a PEM
electrolyzer, hydronium ions move from the anode (+) to the cathode (-). The organic
polymer, usually Nafion®, consists of a fluorocarbon backbone connected to perfluoro
side chains containing sulfonic acid groups. While the Teflon®-like backbone is very
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hydrophobic, the sulfonic acid groups render the perfluorosulphonic acid polymer
(Nafion®) exceptionally hydrophilic. The sulfonic acid groups are immobile in the
membrane, which precludes the anions from entering the membrane and renders the
membrane selective to cations. The type of Nafion® is defined by its equivalent weight
(EW), the number of grams of dry Nafion® per mole of sulfonic acid groups when the
Nafion® is in its acid form and the nominal thickness of the film. Nafion® 117 has an
equivalent weight of 1100 and a nominal thickness of 0.007 inches (Mauritz and Moore,
2004). The chemical structure of Nafion® is shown in Figure 1.4.

CF2

CF2

x

CF

CF2

y

O
CF2 CF

O

CF2 CF2 SO3H

CF3

Figure 1.4

Chemical structure of the Nafion® membrane (from Dupont, 2006)
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The morphology of Nafion® is complex and still debated today in the scientific
community. Nafion® membranes consist of at least three phases: a crystalline phase, ionic
clusters, and an inhomogeneous matrix phase (Mauritz and Moore, 2004). Ionic domains
(immobile negative sulphonic acid groups) are connected in a network and allow cationic
species and polar solvents to travel within the Nafion® membrane. Typically cationic
species are hydrated and a number of water molecules will travel along with the cation
from the anode to the cathode. The Teflon®-like backbone allows the Nafion® to be
chemically and thermally very stable. Although Nafions are thin membranes of
thicknesses ranging from 51 μm to 251 µm, the perm-selective membrane is a very
efficient gas separator (Dupont, 2006; Millet et al., 1996).

Electrodes
A minimum voltage of 1.23 Volts has to be applied between the electrodes to drive the
decomposition of water (Bard and Faulkner, 2001). Typically, a higher voltage (i.e. 1.5
V) is applied between the electrodes to compensate for energy losses in the electrolytic
cell. Energy losses are due to membrane ohmic resistance and kinetic limitations at the
electrode surface due to charge transfer, mass transfer and reactions at the electrode
surface. The over-potential applied at the electrode enables the current to flow through
the system and forces the reactions at the electrodes to proceed at the required rate.
Kinetic limitations are mainly seen at the anode, where oxygen is formed from water and
constitute the primary source of over-potential (Rasten et al., 2003). Usually, the
appropriate electrode material is directly applied to the surface of the membrane as a thin
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film. Platinum or platinum alloy promote the dissociation of water and constitute the
most commonly used electrode materials in PEM electrolyzers (Barbir, 2005). As a noble
metal, platinum is also resistant to the acidic Nafion® membrane. This is another critical
reason for its use in Nafion® electrolyzers (Millet et al., 1996). Recently, bifunctional
electrocatalysts containing iridium in association with platinum have been tested as anode
catalysts in a PEM electrolyzer with a Pt black (fine platinum powder of black color)
catalyst as the cathode (Yim et al., 2005). The results of the study show that PtIr used as
the anode catalyst enhance the electrolyzer performance as compared to an electrolyzer
with a Pt black anode. PtIr resists dissolution and corrosion in acidic medium.

Preparation of water sample for PEM electrolyzer
Major natural groundwater constituents include bicarbonate, sulfate and chloride anions
as well as calcium, potassium, magnesium, sodium cations, and silica (Langmuir, 1997).
Those constituents are present in water in approximately mg/L concentrations. Minor
species present in water at concentrations in the order of μg/L are numerous. A list of
those species can be found in Langmuir (1997). Chemical composition of water depends
primarily on the minerals which have dissolved in it from chemical weathering. It will
change under the influence of physicochemical processes such as adsorption on clays and
absorption by micro-organisms. It may locally change with industrial, agricultural, and
municipal releases.
As recommended by the electrolyzer manufacturer, the electrolyzer can only
receive distilled water to properly function. As the experiments of enrichment in the
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laboratory can be conducted with tritiated DDI water simulant, in the field, groundwater
will have to be treated to remove particulate matter, organic compounds, ions and
potentially bacteria. This will have to be performed to prevent any other redox reactions
at the electrodes besides the water decomposition to oxygen and hydrogen gas. It should
also prevent electrode catalyst poisoning (Millet et al., 1995) and avoid fouling of the
membrane. Distillation is commonly used in the laboratory for purification of the water
sample before admission in the electrolytic cell (Östlund et al., 1987). Field application,
on the other hand, precludes the use of distillation for practical reasons. The Eichrom
tritium column containing three different types of resins provides a suitable alternative to
distillation for water purification. A Diphonix® resin, which is one of the three resins,
removes by exchange or complexation mechanisms cations of diverse metals including
zinc, manganese, chromium, lead, cobalt, nickel, iron (ferric iron) and copper. It also
removes alkali cations, though to a lesser extent. It also shows a strong affinity for
actinides of +IV and +VI oxidation states (Chiarizia et al., 1997). This resin is used in
diverse applications such as the removal of metals from wastewater or purification of
acids. The second type of resin is an anion resin containing alkyl-ammonium anion
groups, specifically –CH 2 N(R 2 )3+X- where X- is a hydroxide ion or a halide anion.
Typically, Amberlite® or Dowex® anion resins are used. Finally, the polymethacrylate
resin removes organics including organically bound tritium and carbon-14 (Eichrom,
2006). The Tritium column is commercially available.
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Research objectives
The overall objective of this research project is to build a laboratory prototype of a field
instrument for continuous, long-term monitoring of tritium in groundwater. As the tritium
monitor will be designed for field installation in a well, important constraints will have to
be observed in the conception of the device such as: size, little to no consumables,
minimal energy consumption, autonomous operation, and maintenance free operation.
This instrument is being designed for near real-time measurements of tritium
concentrations at a level down to 740 Bq/L (20,000 pCi/L). This maximum concentration
corresponds to the Safe Drinking Water Act maximum contaminant level of 4 mrem/year
(EPA, 2000). This value is the committed equivalent dose to an average adult from
ingestion of two liters of water contaminated at a concentration of 740 Bq/L (20,000
pCi/L). The groundwater concentration of 740 Bq/L (20,000 pCi/L) was retained as a
target, since groundwater aquifers may be used as drinking water sources for public water
systems.
The study was conducted in three parts:
Part 1: The first part consisted of a laboratory study of a commercially available
electrolytic cell containing a proton exchange membrane for the tritium enrichment of
water samples. This design was compared to a classical tritium enrichment system, such
as the one operated at the Miami Tritium Laboratory used in the analysis of water
samples with very low tritium concentration level.
Part 2: The second part of the project considered the possibility of using the same
electrolytic cell to produce hydrogen gas, which was subsequently analyzed in a gas26

filled proportional counter. This part also evaluated the counting conditions as well as the
possibility of using enrichment before the counting operation to reach appropriate
detection limits within minimum shielding conditions. The environmental and cosmic ray
radiation shield provided by the ground when the detector is lowered into the borehole
was studied.
Part 3: Finally a third part considered the sample preparation before enrichment
process for direct measurement in a groundwater well. This part was a critical part to the
analysis of tritiated water sample since the electrolytic cell can only receive the
equivalent of distilled water.
The research addressing the three objectives is presented in the next three
chapters. The first paper results were presented at the 2007 233rd ACS national meeting
in Chicago, part of the second paper results were presented at the 53rd HPS national
meeting in 2008 in Pittsburg, and the rest were presented at the Methods and
Applications of Radioanalytical Chemistry (MARC) VIII conference in Kailua-Kona
Hawaii in April 2009. The third paper was presented at the 54th annual Radiobioassay and
Radiochemical Measurements Conference (RRMC) in October 2008 in Destin, Florida.
Submission to peer reviewed journals is in progress for the three papers.
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CHAPTER 2
DETERMINATION OF TRITIUM ENRICHMENT
PARAMETERS OF A COMMERCIALLY AVAILABLE PEM
ELECTROLYZER: A COMPARISON WITH CONVENTIONAL
ENRICHMENT ELECTROLYSIS
Abstract

Aqueous

tritium

enrichment

parameters

of

a

commercially

available

iridium/platinum (Ir/Pt) polymer electrolyte membrane (PEM) cell were determined after
electrolysis of tritium aqueous standards, and compared to those of a conventional
nickel/iron (Ni/Fe) electrochemical cell. Lower aqueous enrichment is seen in the Ir/Pt
PEM electrolyzer in comparison to the conventional Ni/Fe electrolytic cell. This is
explained by the values found for the PEM cell fractionation factor β Ir/Pt and electrolytic
fractionation factor β eIr/Pt values, which were determined to be 4.7±0.3 (β Ni/Fe =26) and
6.6±0.7 (β Ni/Fe =37), respectively. A direct consequence of the Ir/Pt β e value is the richer
tritium gas phase produced relative to the conventional cell, which is advantageous for
direct reduction of HTO to HT gas.

28

Introduction
During the second half of the 20th century, the production and testing of nuclear
weapons have caused an estimated 6.4 billion cubic meters of contaminated soil,
groundwater and other media (NRC, 2000). Tritium is among the radionuclides of
concern. Tritium is found in the groundwater at most of the Department of Energy (DOE)
sites in the form of tritiated water and cannot be easily remediated. Tritium migration in
groundwater is monitored to protect the general public and for regulatory compliance.
Tritium is also generated in commercial nuclear power plants and research reactors where
controlled releases to the environment occur routinely (Vasaru, 1993). Tritium
concentrations cannot exceed standards set by the three federal agencies (note the
regulatory agency depends on the facility): the U.S National Regulatory Commission
(NRC), the DOE, and the Environmental Protection Agency (EPA). The DOE sites must
assess dose to assure that the dose limit of 0.04 mSv/yr is not exceeded from
consumption of off-site waters (US DOE, 1993); licensed nuclear facilities are regulated
by the NRC or state agencies (in the case of NRC Agreement States) and effluent
discharge cannot exceed 37,037 Bq/L (106 pCi/L) (Electronic Code of Federal
Regulation, 2007). Drinking water systems must comply with the EPA safe drinking
water standard of 740 Bq/L (20,000 pCi/L) (US EPA, 2000). In 2000, DOE expressed the
research need for selective sensors appropriate for monitoring pure β emitters in water
(US DOE, 2000). The research should be geared toward the development of in-situ
sensors, which would avoid expensive sampling operations and laboratory analysis (US
DOE, 2001). Those sensors should facilitate real time measurement that can detect
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potential changes in concentration earlier than conventional methods. Such sensors would
decrease the potential risk to human health and cost of long term monitoring. The
ultimate goal of this research is the development of a prototype field sensor for
continuous long term monitor of tritium in groundwater at concentrations below 740
Bq/L. One means to obtain this goal with minimal expendables is the combination of a
PEM electrolyzer with a gas-filled proportional counter, where some aqueous enrichment
of tritium can be performed before reduction of tritiated water to tritiated gas for
subsequent quantification. The present study specifically described aqueous tritium
enrichment capabilities of a commercially available PEM cell and compares its
enrichment properties with those of a conventional alkaline electrochemical cell used in
the tritium enrichment of environmental water samples. Fractionation factor β and
electrolytic fractionation β e were determined. The differences in their values with those
of the conventional cell are discussed with the interest in using the electrolyzer as a
tritium gas generator.

Background
Alkaline electrolysis in conventional enrichment cell
Alkaline electrolysis has long been used to perform tritium enrichment of
environmental water samples (Kaufman and Libby, 1954; Östlund and Werner, 1962;
Cameron, 1967; Östlund and Dorsey 1977; Wood et al., 1993). The resulting increase of
the tritium content in water samples results in lowering the minimum detectable
concentration of the measurement system. When enrichment is utilized, it is performed
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before

quantification

via

liquid

scintillation

counters

or

before

chemical

reduction/transformation of the aqueous sample to gas phase that is subsequently
quantified via a gas-filled detection system (Fritz and Leap, 1991; Östlund and Dorsey,
1977). Alkaline electrolysis is typically performed on a 275 mL water sample, for about
ten days in a specially designed electrolytic cell (Östlund and Werner, 1962). The sample
volume is reduced by a factor of one hundred in the enrichment cell, shown in Figure 2.1
(Östlund and Werner, 1962; Technical Glass, Inc., 2006). Due to the size of the cell and
electrodes, the entire volume of the sample is processed in fractions (Östlund and Dorsey,
1977). The materials used for the anode and cathode are nickel and iron, respectively.
The temperature of the electrolytic cell (7oC) during electrolysis promotes better isotope
separation, less sample loss as vapor, and higher tritium enrichment in the water phase
(Östlund and Dorsey, 1977).
The general equation for the electrolytic enrichment is:
∆p
∆t
=β
p
t

(2.1)

where p and t are the number of protium and tritium atoms in the aqueous sample,
respectively, and β the fractionation factor also called the separation factor for tritium
with respect to protium (Kaufman and Libby, 1954). Beta can be defined as the ratio of
the first order consumption reaction rate constant of aqueous protium to that of aqueous
tritium (Kakiuchi et al., 1991).
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Water sample

Current
supply

50 mL
25 mL

Iron cathode
Nickel anode

2.5 mL

Figure 2.1

Typical tritium enrichment cell (Östlund and Werner, 1962)

Preferential evolution of protium and aqueous concentration of tritium in the water
sample result from the difference in the rates of exchange reactions taking place at the
electrodes during the formation of O 2 , and H 2 , HT and T 2 (Cameron, 1967). Beta is
independent of the isotopic content (Kaufman and Libby, 1954). It varies with electrode
material, current density and temperature as well as the electrolyte (Cameron, 1967).
Assuming β is constant throughout electrolysis and the tritium sample
concentration is low, the electrolytic enrichment equation (2.1) can be integrated from
initial values to final values of the tritium and protium concentrations to give equation
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2.2. The aqueous phase enrichment factor (E) can be expressed in terms of β, the initial
and final volume of the electrolyzed water sample to give the expression:

T  Vo 
E=
= 
To  V 

1−

1

β

(2.2)

where V, Vo, T and To are the final and initial volume of the water samples, and the
tritium concentration in the final and initial solution, respectively (Kaufman and Libby,
1954). With a volume reduction of 100 the tritium concentration of the water sample is
generally increased by a factor of 80 (E=80) for the Ni/Fe electrolyzer (NCRP, 1976).

Measurement of β- Determination of electrochemical fractionation
factor βe
β can be obtained solely from the measurements of parameters of the aqueous
phase as shown in equation 2.3.

 Vo 
Ln 
V 
β=
 VoTo 
Ln

 VT 

(2.3)

An aqueous standard solution of known concentration To is electrolyzed for
sometime such that enough aqueous enrichment is measured and the final activity
concentration T is recorded. If the final volume of water is accurately measured, β can be
calculated from equation 3 (Cameron, 1967). The value of β typically reported with the
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Ni/Fe enrichment cell previously described is 26±3 for separation of tritium from protium
(Östlund and Dorsey, 1977).
It is important to realize that β is a composite value, reflecting the loss of tritium
by both the electrolytic process and the evaporation from the water phase. Thus, Östlund
and Dorsey (1977) define β by the ratio of the aqueous phase atomic tritium ratio to that
of phases escaping the electrolytic cell as expressed in equation 2.4. On the other hand,
the electrolytic fractionation factor βe is defined by the ratio of the aqueous phase atomic
tritium ratio to that of the gas phase formed at the cathode and expressed in equation 2.5.

 t 
 p  aq
(2.4)
β=
 t 
 p  gas + vapors

 t 
 p  aq
βe =
 t 
 p  gas

(2.5)

βe can be experimentally determined by independently measuring the tritium
concentrations in the hydrogen gas and aqueous phase. (Taylor, 1981, Ivanchuk et al.
2000). In 1962, Östlund and Werner proposed equation 2.6, where βe can be calculated
after determination of β.

β=

1 + 1.5h'+ s
1

βe

(2.6)

+ 1.5h' f T + s

where h' =

h
b−h
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where h is the vapor pressure of pure water at the experimental temperature, b is the total
atmospheric pressure, fT is the ratio of the HTO vapor pressure to the H2O vapor
pressure, and s represents a spray term which is very small and generally neglected. The
βe value reported by Östlund and Dorsey (1977) is 37 for the conventional Ni/Fe
electrolytic cell. The β value approaches that of βe when losses of tritium by evaporation
can be minimized by working at low temperatures. β aids in predicting tritium aqueous
enrichment at different electrolysis times. βe aids in predicting the concentration of the
tritium gas escaping the cell from the known electrolyzed sample aqueous concentration.

Acid electrolysis with proton exchange membrane electrolyzer
The PEM electrolyzer performs acid electrolysis of water, as shown in equations 2.7, 2.8
and 2.9. The electrolyte is a proton conducting polymer membrane, Nafion, confined
between two thin electrodes made of catalytic material, generally a noble metal,
supporting the dissociation of water molecules into oxygen and hydrogen gas. The
oxidation of water molecules and reduction of protons happen at the anode and cathode,
respectively, and are described by the equations (2.7) and (2.8):

Anode (+):

2 H2O  4 H+ + 4 e-+ O2

(2.7)

Cathode (-):

4 H+ + 4 e- 2 H2

(2.8)

---------------------------------------------------------------------------------------------

2 H2O  2 H2 + O2

(2.9)
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Owing to their solid state electrolyte, PEM electrolyzers are simpler in their design and
operation than classical alkaline electrolysis cells using liquid alkaline electrolytes, and
constitute suitable equipment for a field application.

Materials and methods
Figure 2.2 shows a simplified diagram of the experimental set up. The principal
component is the PEM electrolytic cell. The electrolyzer STAXX7 (Appendix A, Fig.A1)
used in this study was purchased from H-tec Wasserhoff-Energie-Systeme GmbH
(Germany). The STAXX7 is composed of seven PEM cells mounted in series. The
individual cells are mounted such that two anode compartments and two cathode
compartments face each other. Each electrode has an area of 16 cm2. Voltage values of
1.5 to 2 volts are applied on each cell, sufficient to dissociate water molecules, and
produce hydrogen gas at a rate of 30 cm3/min/cell. The total voltage applied to the cell
stack is 15V. The maximum current flowing through each cell is 4.6 Amperes. Anode
and cathode catalysts, as determined by electron microscopy coupled with X-ray
wavelength dispersive spectroscopy, are mainly iridium 1 and platinum metal,
respectively. The detailed analysis of the membrane assembly can be found in Appendix
A, Figure A.2 through Figure A.6. All anode compartments converge to the water
reservoir where the tritiated water standard is placed. The water standard is sent to the
seven anode compartments by gravity and is circulated back to the main sample reservoir
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along with the produced oxygen gas. Proton hydration sphere water molecules crossing
the membrane and accumulating at each cathode are collected in the water collector and
sent back to the main sample reservoir, while protons are reduced to form hydrogen gas
on the cathode catalyst. Dry ice traps were installed on the water reservoir and water
collector outlets to capture vapors.

Water Flow

Dry O2
vented

Gas Flow

Wet O2

e-

anode

Dry ice trap

Wet

H+

H2O
Water
reservoir

cathode

H2

PEM cell

Water
collector

H2O
Wet H2

Dry ice trap

Wet O2
Water pump
Dry H2 to
counter

Figure 2.2

Experimental set up

1

The anode is mainly composed of Iridium. Other trace elements are present to improve the process of O2
evolution from the anode (Fig A.6). Oxygen evolution is the limiting reaction for the water electrolysis.
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Tritiated water samples were prepared in our laboratory from a tritiated water standard
with an associated activity concentration uncertainty of less than 2% (1-σ counting error
propagation). Six batch electrolyses of synthetic water samples at an initial concentration
of about 740 Bq/L were performed in the PEM electrolyzer. The electrolyzer water
temperature was 35oC and pressure was that of ambient conditions. Volume ratios (Vo/V)
ranged from approximately 5 to 30. Activity concentrations in the final water samples
were calculated from the concentration and volume of the collected water, and the
concentration and volume of the water used to rinse the electrolytic cell following use.
The complete measurement data are presented in Appendix A, Table A.1. The tritium
concentrations were measured by liquid scintillation counting with the Perkin Elmer
Quantulus Model 1220 liquid scintillation counter. Errors in the concentrations were
propagated from errors on measured masses and counting statistics. Enrichment factors
were computed from the initial and final measured aqueous activity concentrations. The
fractionation factor was computed using equation 2.3 where T and To are measured, V/Vo
was replaced by the ratio of the mass of the final water sample to the mass of the initial
water sample. Uncertainty in β reflects the counting statistics as well as the uncertainty in
the initial and final volumes of the standard solution.
The fraction of tritium evolved, F, accounts for the fraction of tritium that is
converted from the aqueous phase to the gas phase. Bulk Tritiated water vapors were
captured in a cold trap and the collected vapor activity was included in the computation
of the final activity At. The value of F is calculated as:
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F=

T0V0 − At
T0V0

(2.10)

where At is the sum of the tritium activity in the final water sample, the tritiated trapped
vapor activity, and the amount of tritium captured during the rinsing operation. The
tritium fraction remaining in the aqueous phase is equal to 1-F.

Results and Discussion
Enrichment parameters (E), (F) and (β) of PEM electrolyzer
Electrolytic enrichment of six tritiated water samples at a concentration of about 740
Bq/L was conducted in the electrolyzer. Enrichment factors obtained for different volume
ratios are reported in Figure 2.3. The data show that some enrichment is achieved in the
electrolytic cell as the volume ratio increases. Enrichment factor values ranged from 3.5
± 0.2 to 12.9 ± 0.6 for a volume ratio increasing from 4.8 ± 0.2 to 25.9 ± 1.1. Detailed
measurements are summarized in Appendix A, Table A.2. Over time, the increasing
enrichment can be explained by the difference in reduction rates at the cathode of protium
with respect to tritium, resulting in the increase in the aqueous tritium concentration. The
concentration of aqueous tritium in the electrolyzed sample remains, however moderate
in comparison to the one achieved in the conventional cell for the same volume ratios, as
will be shown in a later section.
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Figure 2.3

Enrichment parameters E and F of the PEM cell

Tritium evolved fraction F
Evolved tritium activity fraction, F, is presented in Figure 3.3 and increased from
a value of 19±4% to 40±3%, for an increase in the volume ratio of 4.8±0.2 to 25.9±1.1,
respectively. Based on activity balance, 19 to 40% of the aqueous tritium initially
introduced in the electrolytic cell was reduced to HT by the PEM electrolyzer for volume
ratios varying approximately between 3 and 30, respectively.
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Fractionation factor β and βe
Measured fractionation factors β with associated error are reported in Figure 2.4
as a function of volume ratios investigated. Each represented data point is calculated
using equation 2.3. The fractionation factor is calculated from measured parameters of
the electrolyzer sample water phase exclusively. A statistical student t- test conducted on
the dependence of the fractionation factors with changing volume reveals that at a 95%
confidence level, the fractionation factor values are independent of the volume ratio
values (p value = .78), which is consistent with what other researchers have reported
(Appendix A, Table A.3). Average fractionation factor with associated error was
calculated for the data set and found to be 4.7 ± 0.3, a much lower value than the one of
the conventional cell of 26 (Östlund and Dorsey, 1977). Individual βe values were derived
from corresponding β values and a βe mean value with associated standard deviation was
calculated to be 6.6±0.7. Water temperature measured in the PEM electrolyzer was 35oC.
Regular water vapor pressure at 35oC has a value of 42.2 mmHg. The ratio of the tritiated
water to regular water fT is equal to 0.92 at 35oC (Jacobs, 1968). β and βe values are
reported in Figure 2.4.

Comparison with the conventional cell
Ni/Fe and PEM cell enrichment factors were computed for volume ratios varying
from 0 to 40 using equation 2.2 (Appendix A, Table A.4). The calculated fractionation
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factor values were 4.7 and 26 for the PEM and Ni/Fe electrolyzers, respectively.
Enrichment factor values were plotted in Figure 2.5.
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Figure 2.4
Actual and average β and βe values in PEM electrolyzer (Values are in
Appendix A, Table A.4)
Recall that those fractionation values were obtained at temperature conditions of 35oC
and 7oC for the PEM electrolyzer and the conventional cell, respectively. As the
electrolysis proceeds, tritium aqueous enrichment in PEM electrolytic cells becomes
considerably lower than the Ni/Fe electrolytic cell enrichment factor. The lower
enrichment is a direct consequence of a much lower isotopic fractionation at the Pt
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cathode than at a Fe cathode, a higher temperature condition at the cathode in our
experiments, and higher loss by vapors. The higher enrichment achieved in the
conventional alkaline cell in comparison to the PEM Ir/Pt cell shows an advantage in
using the conventional cell for aqueous enrichment. To obtain similar enrichment
performance, PEM Ir/Pt electrolysis would have to be conducted longer, which is not
desirable. In contrast, owing to its lower βe, the PEM cell produces hydrogen gas with a
higher tritium concentration, which is beneficial for generation of tritiated hydrogen gas
to be counted by gas counters. Some aqueous enrichment can also be performed before
collection of the generated gas to increase the counting sensitivity. The fractionation
factors β and βe, found for the Ir/Pt PEM are about six times lower than the conventional
Ni/Fe cell fractionation factors. The much lower values are not unexpected since isotopic
effect is strongly related to the nature of the cathode catalyst (Bockris and Reddy, 1970).
In addition to the catalyst effect, the higher experimental temperature in our cell
contributes to a lower isotopic fractionation in favor of the aqueous phase and higher
tritium content of the hydrogen gas phase (Ivanchuk et al., 2000). Moreover, higher
temperatures favor tritium losses by evaporation, which contributes to lower β. The
experimental study on isotopic effects of hydrogen during the electrolysis of water in a
PEM electrolyzer with a platinum cathode performed by Ivanchuk et al. (2000) shows
that βe values vary from 4.95 to 6.90 when temperature decreases from 60oC to 25oC. In a
more recent study on tritium fractionation by PEM electrolysis by Ogata et al. (2005),
theoretical values reported for βe based on catalyst type and temperature conditions vary
from 5 to 19 (2005). The theoretical values specified for the platinum cathode range from
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6 to 8 with a temperature varying from 60 to 5oC, respectively (Ogata et al., 2005). The βe
value found for the PEM Ir/ Pt electrolyzer is consistent with recently published literature
values.

35

30
Ni/Fe cell

Enrichment (E)

25

Pt/Ir PEM cell

20

15

10

5

0
0

5

10

15

20

25

30

35

40

Volume ratio

Figure 2.5
Average enrichment curve in PEM and Ni/Fe electrolyzers based on
measured and published values of β.
Conclusion
The Ir/Pt PEM cell β and βe values deduced from tritium measurements performed on
solely the aqueous phase are 4.7±0.3, and 6.6±0.7, respectively. Those values are
relatively low values when compared to those of the conventional Ni/Fe electrolytic cell,
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but consistent with published values and nearly ideal for generation of HT from HTO.
The resulting enrichment of the water phase in tritium is consequently lower in the PEM
cell in comparison to the conventional cell. The isotopic effects observed in the PEM
electrolysis can be explained by the type of the cathode material, the higher experimental
temperature, as well as the vapor formation.
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CHAPTER 3
PROPORTIONAL COUNTING OF TRITIUM GAS
GENERATED BY POLYMER ELECTROLYTE MEMBRANE
ELECTROLYSIS
Abstract
The combination of an Ir/Pt PEM electrolyzer with a one liter flow-through gas
proportional counter was characterized for the quantification of tritium in water. The goal
of the detection system is to quantify samples at concentrations below the Environmental
Protection Agency primary drinking water standard (740 Bq/L) with minimal
expendables. The detector operating voltage, efficiency, and background count rate of the
passively shielded counter as well as the fractionation factor of the electrolyzer were
measured in order to calculate the minimum detectable concentration of the detection
system. The optimum operating voltage was found to be 2250 V. The efficiency of the
counter determined with a tritium gas standard diluted with an optimized high purity
hydrogen /propane (94:6) gas mixture was 49±5%. The background for the 1 L detector
passively shielded with 5 cm of low-activity lead was 0.52±0.03 C/s for the optimized
tritium region-of-interest. The fractionation factor of the PEM electrolyzer, defined as the
partitioning of tritium between the water and the gas phase during electrolysis, was
measured from the gas phase analysis to be 6.6±0.6.

The minimum detectable

concentration of the detection system was calculated to be 530 Bq/L for a four hour count
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time without isotopic enrichment. Analysis of tritiated water standards by this detection
system was in good agreement with conventional analyses.

Introduction
Tritium is present in the subsurface at most Department of Energy (DOE) sites in
the form of HTO at concentrations above the safe drinking water standard defined by the
US Environmental Protection Agency (NRC, 2000). Tritium contamination results from
contaminated reactor cooling water or leaking high level waste tanks. Its removal from
groundwater is technologically impractical. Thus tritium in the subsurface is usually
contained or left in place to decay. Potential tritium migration to uncontaminated aquifers
is checked by monitoring wells to ensure the protection of the public and regulatory
compliance. Measurement of tritium in water is typically performed in the laboratory
after field sampling.
In recent years, the National Research Council (NRC) (2000) identified the need
for new selective beta radiation sensors able to detect current and changing contaminant
conditions in the DOE site subsurface. In-situ monitoring equipment is needed to
facilitate real-time measurement and avoid the costly sample preparation before analysis
in the laboratory. Our research goal is to demonstrate that the combination of an Ir/Pt
polymer electrolyte membrane electrolyzer mounted in series with a one liter gas
proportional counter is effective in measuring tritium in water at concentrations levels
below the EPA standard of 740 Bq/L (US EPA, 2000).
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Background
Tritium in water detection system characteristics
Table 3.1 summarizes important characteristics of different tritium in water
detection systems. Environmental tritium concentrations can be detected by the
combination of the aqueous enrichment with very sensitive counting methods such as gas
proportional counting (GPC) or low level liquid scintillation counting (LLLSC). Other
laboratory methods enable the detection of aqueous tritium below the Safe Drinking
Water Act (SDWA) concentration of 740 Bq/L. The counting equipment used is more
sensitive than field equipment owing to higher efficiency and lower background count
rate (BGCR) (resulting from active and heavy passive shielding). In the laboratory, the
preparation of the sample generally consists of purification by distillation. An additional
transformation to gas form is necessary for GPC. These two steps, in addition to the
potential enrichment step before counting operation, define the sample preparation
duration. Field techniques are generally less sensitive; however, the liquid scintillation
flow cell designed by Sigg et al. approaches the performance of the laboratory LSC
(1994). The PEM electrolyzer gas proportional counter proposed is an interesting
alternative system because of its simple design, the possibility of being lowered in a well
to limit interference with cosmic events and the advantage over liquid scintillation
systems because it avoids the use of cocktails, which have to be appropriately disposed of
after a single use.
.
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Table 3.1

Summary of different tritium in water detection system characteristics

Laboratory
or Field
technique

Method of
measurement

Sample
preparation
time

Count time

Reported
Detection
limit
(Bq/L)

Efficiency
of
radiation
sensor (%)

Laboratory

-Enrichment
with internal
GPC

2 weeks

24 hours

~10-3-10-2

Laboratory

-Internal gas
proportional
counting

6 hour

10 hours

Laboratory

-LLLSC

Minutes to 1
hour

Laboratory

-LSC

Field

Field

2

Background
Count rate
(C/min)

MDC
(Bq/L)2

Reference

98

Volume
(mL) of
water
sample
Counted
2.5

0.5

0.009

Östlund and
Dorsey, 1977

0.8

_

3

0.6

0.7

Bowman and
Hughes,
1981; Wood
et al.,1993

10 hours

0.5

Up to 27

8

0.4 - 1.2

5

1 min

10 minutes

~200

35-55

1

10-15

12

-Liquid
scintillator
flow cell
(LSFC)

No
preparation

5 minutes

~300

36

1.11

16

66

Perkin Elmer
Quantulus
specification
Wood et al.,
1993
Sigg et al.,
1994

-Solid
Scintillator
flow cell
(SSFC)

No
preparation

5 minutes

~20,000100,000

0.35

1.11

18

8700

Hofstetter,
1991

calculated minimum detection concentration (MDC) for reported efficiency, background counting rate, sample volume and standard count time of 2 h
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Ir/Pt PEM electrolyzer isotopic properties
Conventional alkaline electrolysis of natural water samples containing several
isotopes of hydrogen results in the enrichment of the heavier isotopes in the electrolyzed
water sample. The electrolysis is performed in a cell, specifically designed for aqueous
enrichment. The aqueous enrichment in the heavier isotopes is due to an isotopic effect
occurring at the cathode interface, where faster evolution of the lighter isotopes takes
place. The resulting fractionation of the different hydrogen isotopes leads to the aqueous
concentration of the heavier isotopes, which is conveniently exploited for the
measurement of tritium and deuterium in environmental samples (Kaufman and Libby,
1954; Östlund and Dorsey, 1977; Taylor, 1981; Wood et al, 1993). The isotopic
fractionation happening during the electrolysis is characterized by the fractionation factor
β, which can be easily deduced from parameters measured in the aqueous phase Östlund
(
and Werner, 1962; Östlund and Dorsey, 1977). The fractionation factor,β, as determined
by the measurement of solely aqueous parameters is a composite value, which accounts
for the removal of tritium from the water phase by the electrolytic process, the formation
of vapors, and sometimes formation of spray. The electrolytic fractionation factor βe,
which reflects the fractionation due to the tritium evolution as HT exclusively, can be
deduced by applying a correction to β Östlund
(
and Werner, 1962; Östlund and Dorsey,
1977). The βe value for a commercially available Ir/Pt PEM electrolyzer was determined
experimentally and found equal to 6.6±0.7 at 35oC (Soreefan and DeVol, 2009). βe is a
critical parameter to identify because it has a significant bearing on the minimum
detectable concentration of the tritium system.
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Equation for tritium gas concentrations as a function of electrolysis
time
The time dependant tritium concentration in the gas phase produced by the electrolyzer
can be estimated from parameters measured in the aqueous phase and βe. As the
electrolysis proceeds, the aqueous phase is enriched in tritium and the concentration in
the aqueous phase can be written as

[T ]aqueous = [T0 ]aqueous × E

(3.1)

where E is the enrichment factor.
1−

V 
E = 0
V 

1

β

(3.2)

where V and V0, are the final and initial volumes of the electrolyzed sample and [T]aqueous
and [T0]aqueous are the final and initial aqueous tritium concentrations, in units of Bq/L.
The tritium in the gas phase can be expressed as

[T ]gas = [T ]aqueous × C v ×

1

(3.3)

βe

Which is equivalent to:

[T ]gas

V 
= [T0 ]aqueous ×  0 
V 

1−

1

β

× Cv ×

1

(3.4)

βe

where Cv is a volume correction factor , which accounts for the conversion of liquid
water to hydrogen gas at 25 oC and atmospheric pressure, and the dilution (6% by
volume) of the hydrogen gas by the propane quench gas. The calculation of Cv (=1447)
can be found in Appendix B.
51

Tritium gas concentrations generated from a water sample at a concentration of
740 Bq/L and as computed using equation 3.4, are represented in Figure 3.1 (detailed
data in Appendix B, table B.1), for both the PEM cell used in our sensor and the cell used
in conventional electrolysis. The PEM βe value was 6.6, whereas that of the conventional
cell was 37. The β values were 4.7 and 26 for the PEM cell and conventional cell,
respectively (Soreefan and DeVol, 2009; Östlund and Dorsey, 1977).
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Figure 3.1

Concentration of tritium in the hydrogen gas generated by electrolysis of a
740 Bq/L aqueous solution.
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The tritium concentration in the gas phase increases as the electrolysis of the
finite sample progresses. This increase of tritium present in the gas phase is advantageous
in the first stages of the electrolysis, where most of the increase in the concentration is
seen. When comparing the concentrations generated by the two electrolyzers, it can be
calculated that the ratio of the PEM generated tritium gas concentration to that of the
conventional electrolyzer decreases with an increasing volume ratio. If the electrolysis of
a finite sample can be run for some time before the collection of the tritium gas in the
counter, a higher tritium concentration would be measured in the gas phase. This feature
can be judiciously used to increase the sensitivity of the assembly for the measurement of
tritium in the gas generated by the electrolyzer.

Counting window, shielding and minimum detectable activity
(MDA)
Electronic noise from the counting system (preamplifier, amplifier, and high
voltage power supply) is discriminated to keep the dead time of the counting system less
than 5%. This is performed by setting the multichannel analyzer (MCA) lower level
discriminator (LLD) at a specific channel number value where the reading of the
electronic noise is significantly reduced. Environmental radioactivity and cosmic
radiation constitute the other major sources of interference when measuring the signal of
interest. External shielding placed around the detector and setting of the LLD maximizes
the signal to noise ratio. Practically, this is performed by maximizing the efficiency of the
detector while simultaneously minimizing its BGCR. An anticoincidence system can also
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be installed around the counter to efficiently discriminate against cosmic rays (Knoll,
2000).
Once the optimized counting window is determined, the minimum detectable
activity (MDA) of the counter is estimated with the “Currie” equation (Currie, 1968):
N D = 4.653 × σ N B + 2.706 ,

where σ N B = N B

(3.5)

σ N is the counting uncertainty in the background count, NB, and ND is the minimum
B

number of counts from the source to ensure a false negative and false positive rate on the
ND of less than 5%.
The MDA in the counter will be

MDA( gas ) ( Bq) =

2.706 + 4.653 × σ N B

(3.6)

f ×ε ×t

NB is the number of background counts within the natural shielding environment (as in a
borehole), f is the tritium emission fraction for the tritium β particle, t the counting time
in seconds and ε is the counting efficiency of the counter. The MDA is expressed in Bq.

MDC of the assembly PEM electrolyzer/proportional detector
The total active volume of the counter is equal to 1042 cm3. The tritium minimum
activity concentration (MDC) in the gas phase is obtained by dividing the MDA by the
volume of the counter as shown in equation (3.7):
MDC ( gas ) ( Bq / L) =

2.706 + 4.653 × σ N B

(3.7)

1.042 × f × ε × t
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Combining (3.4) and (3.7), we obtain equation (3.8), defining the MDCwater of the system
PEM electrolyzer/ gas detector for increasing volume ratio (VR) and counting time.

MDC( water )

(2.706 + 4.653 × σ ) ×  Vo 
( Bq / L) =
NB

1.042 × f × ε × t

 
V 

1

β

−1

× 1447 × β e

(3.8)

where the MDC would be expressed in terms of Bq/L of water.

Materials and Methods
PEM electrolyzer
The PEM electrolyzer generates hydrogen gas and tritium gas. As shown by
equation (3.9).
H2O + HTO

 HT + H2 + O2

(3.9)

The electrolyte is a proton conducting polymer membrane, Nafion®, confined
between an Ir anode and a Pt cathode, which have catalytic properties to support the
dissociation of water molecules into oxygen and hydrogen gas. The electrolyzer used in
this study was purchased from H-tec Wasserhoff-Energie-Systeme GmbH (Germany).
The electrolyzer is composed of seven PEM cells mounted in series. Each electrode has
an area of 16 cm2. Voltage values of 1.5 to 2 V are applied on each cell, sufficient to
dissociate water molecules, and produce hydrogen gas at a rate of 30 cm3/min/cell. All
anode compartments converge to the water reservoir where the tritiated water standard is
placed. The water standard is sent to the seven anode compartments by gravity and is
circulated back to the main sample reservoir along with the produced oxygen gas. Proton
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hydration sphere water molecules crossing the membrane and accumulating at each
cathode are collected in the water collector and sent back to the main sample reservoir,
while protons are reduced to form hydrogen gas on the cathode catalyst. Vapor traps were
placed between the PEM cell and the detector to remove the water vapors and other
possible gas impurities from the hydrogen gas flowing to the detector.

Gas proportional detector
The gas proportional counter is constructed of a 96.52 cm (38 inch) long oxygenfree copper tube with only one inch inactive zone at each end of the counter
corresponding to the insulator and field tube lengths supporting the anode wire. Oxygenfree copper was chosen because of its low background contribution. The diameter of the
counter is 3.81 cm (1.5 inches) for a total active volume of 1042 cm3. The central anode
wire is a tungsten anode wire of 20 μm in diameter, which allows operating the counter at
lower bias voltages. The counter is a flow through type counter with shut-off valves at
each end of the counter, which can be closed for static measurements. The counter was
manufactured by N-Wood Inc (Il). Similar counters have been used in the counting of
tritiated hydrogen gas as reported by Cameron (1967). A detailed explanation on the
functioning of gas proportional counters is given in appendix B.

56

Preparation of gas mixtures and their counting operation
Quench gas
High purity propane was chosen as the quench gas. The gas was recognized to be
an excellent proportional gas for tritium counting by Östlund and Werner (1962), with
interesting tritium signal-background separation properties when used in larger quantities
in the gas mixture (Östlund and Dorsey, 1977).
Steady state concentration
The counter, where gases flow in and out, was considered as an advective
compartment. Gases mix completely and instantaneously, implying no variation with
space coordinates of the different gas concentrations. Concentrations of the different
gases, however, vary with time according to the expression (3.10)
Q

− ×t 
C counter (t ) = C st .state × 1 − e  V  



(3.10)

where Ccounter(t) is the concentration of a specific gas in the counter at time t and Cst.state is
the concentration of the gas in the counter at steady state, Q is the total flow rate, which is
the sum of the propane, hydrogen and tritium gas flow rates, V represents the sum of the
chamber and the gas line volumes. The equation was used to predict the profile of the
tritium gross counting rate while injecting tritium gas in the counter for the determination
of the counter efficiency for tritium. The prediction is an approximation in the case of a
tritium aqueous standard electrolysis, since the tritium aqueous concentration, from
which the tritium gas is produced, slightly increases during the counter filling procedure.
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Standard operating procedure
Propane gas and hydrogen gas generated from distilled de-ionized (DDI)
electrolysis were simultaneously sent to the detector. The gas flow rate of hydrogen was
proportional to the electrolytic cell current. The electrolytic cell was operated at constant
voltage as recommended by the manufacturer. Calculation and regulation of the propane
flow rate were performed after the electrolyzer stabilized hydrogen flow rate was
determined. The hydrogen flow rate was about 295 cm3/min (after ~1.5 hr of operation)
as measured with a bubble gas flow meter. The 1.5 hr pre-run time was necessary to
achieve the consistent temperature and hydration conditions of the electrolyzer polymer
electrolyte membrane. Propane gas was sent to the detector at a regulated flow rate of
19cm3/min to ultimately produce the hydrogen propane (94:6% by volume) gas mixture.
The establishment of the steady state counting mixture propane-hydrogen (blank) was
monitored by recording successive ten minute counts for about 100 minutes and plotting
the counting rates recorded by the counter as a function of electrolysis time. These
adjustments were performed for each measurement and constitute the standard operating
procedure of the detector.
Efficiency calibration of the detector
When the steady state counting mixture propane hydrogen was observed, the
tritium gas standard was sent in minute amounts along with hydrogen and propane gases.
The tritium gas standard was introduced into the chamber with a 5 mL gas tight syringe
(Hamilton) at a flow rate, QHT, of 0.05±.0005 cm3/min, which was finely regulated by the
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infusion pump PHD2000 (Harvard). The tritium gas standard was a NIST traceable
standard from the AECL Chalk River Laboratory, diluted in nitrogen by the Overhoff
Company, with a final concentration Csyringe= 114,814 ± 11,481 Bq/L at the 95%
confidence level, as of the 22nd of March 2007. The steady state concentration was
observed by recording 10 minute counting rates versus tritium gas injection time. The
steady state tritium concentration in the counter was calculated from the syringe tritium
gas concentration as expressed in equation (3.11).

QHT
 Bq 
 Bq 
C counter 
×
 = C syringe 
 L  QHT + QH 2 + QC3 H 8
 L 

(3.11)

where QH 2 and QC3 H 8 are the hydrogen generated by electrolysis of DDI water and
the propane gas flow rates, respectively. Detector counting efficiency was performed
with steady state mixtures in a closed counter.

Electrolysis of aqueous tritium samples
The complete apparatus to realize the gas mixtures and perform the aqueous
tritium measurements is presented in Figure 3.2. A 5 cm passive low background lead
shield was installed around the detector. The manifold was connected to each gas source.
The high purity propane gas traveled from the gas cylinder to the manifold, while the
hydrogen was generated and sent from the electrolyzer to the manifold. The signal
obtained from the mixture of hydrogen generated by DDI electrolysis and the propane
gas constituted the blank, which was subtracted from the signal generated when an
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aqueous tritium standard was reduced in the electrolytic cell. All aqueous tritium
standards were prepared from an Eckert&Ziegler NIST traceable standard with a 3680 ±
44 Bq/g (1σ) concentration. Most tritium in water measurements were performed while
gases were continuously circulated through the counter.
Electronics
The electronics used to process the signal delivered by the counter were typical
signal processing equipment. The preamplifier was an Ortec preamplifier 142C, the
amplifier was a Tennelec TC 240 amplifier and the high voltage supply was a Fluke
42178 high voltage supply. The MCA Aptec Model 5008 was run with the Aptec
software.
Operating voltage
The detector was filled with a counting gas mixture according to the standard
operating procedure and followed by injection of tritium gas. When the steady state
tritium counting mixture was established, the detector was closed and 10 minute spectra
were recorded for voltages increasing from 1000 to 2500 volts. Simultaneously, tritium
pulse heights were recorded with the Tektronix oscilloscope Model TAS 465.
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Figure 3.2
General apparatus to perform gas mixtures and measurements of the
tritium in the gas phase generated by the electrolyzer

Optimal Counting Window –Counter efficiency
The counter filled with hydrogen gas generated from the electrolysis of DDI
water, propane gas and a known amount of tritium gas was used to perform the
measurement of the counting rates as a function of the LLD positions. The counter was
subsequently purged and filled with the blank (no tritium) mixture made of propane and
hydrogen gas. Similarly, counting rates were recorded as a function of the LLD positions.
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MDCgas values for different LLD positions at increasing channel number were computed.
The lowest LLD position tested was channel 10 out of 8192, where the dead time of the
counting system is below 5%. The high voltage applied to the detector was the optimal
voltage located in the proportional region of the counter. The lowest MDCgas value found
set the LLD position. The upper level discriminator (ULD) was set next, similarly to the
LLD. The channels located within the LLD-ULD borders defined the optimum counting
window (Appendix B.1).

Determination of the Aqueous Tritium Concentration Calibration
Curve
Twelve tritium aqueous concentrations prepared from two NIST traceable tritium
standards were electrolyzed and counted according to the standard operating procedure.
For each sample, the last three counting rate recordings were averaged and the associated
standard deviation retained as the 1 σ error of the counting rate. The concentrations of the
electrolyzed aqueous standards were measured with the Quantulus liquid scintillation
counter. A BGCR was measured between each tritium concentration electrolyzed, by
processing in the cell a DDI water sample used for the internal standard preparation. The
aqueous tritium concentrations were compared with the averaged net counting rate
measured in the gas counter to produce a calibration curve.
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MDC of the detector in the laboratory environment
The PEM electrolyzer/detector assembly MDC was estimated using equation 8
and BGCR measured in the laboratory. Three DDI samples and three tritium aqueous
samples at ~740 Bq/L were electrolyzed in the PEM electrolyzer and counted in the
detector according to the standard operating procedure. Volumes of electrolyzed samples
were 250 mL each, and decreased ~ 10% during electrolysis. Plots of the successive 10
minute gross counting rate (GCR) as a function of time were recorded for each sample.
When the steady state concentration was reached, the counter was closed and a four hour
count was performed on the mixture present in the counter. Those six measurements
enabled the quantification within experimental uncertainty of the difference between the
blank and the tritiated water sample counting rates at two counting time conditions.

Finding βe from gas proportional measurement of the gas phase
generated by PEM electrolysis.
βe

was calculated by comparison of volume corrected aqueous concentrations of

electrolyzed standards to their corresponding actual measured tritium gas concentration
for 12 samples, as expressed by equation 3.12. An average βe value with associated
standard deviation was deduced from the 12 measurements.
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[T ]aq 





βe =


[T ]gas  Bq 
 L gas 
Bq

1447  L gas

(3.12)

Results and Discussion
Detector counting operation setting
Preliminary experiments showed that a very low concentration of propane gas at
atmospheric pressure resulted in good counting operation. The concentration of about 6%
by volume was selected in comparison to a higher one at 14%, because of the similar
MDA values found for those two concentrations within the two corresponding
proportional regions (Appendix B, Figure B.2). In addition, a lower propane
concentration is more suitable for field applications, because it extends the lifetime of a
single tank of propane gas. Following the standard operating procedure of the counter,
hydrogen gas generated by PEM electrolysis was sent together with propane gas to the
proportional counter. Both predicted and actual gross counting rates were represented as
a function of electrolysis time in Figure 3.3. The actual curve shows that about an hour is
necessary to reach steady state. This is twice as much time as predicted by the advective
compartment model. The presence of impurities such as water deposited on the inside
wall of the counter and gas line remaining in the counter was the probable cause of the
delay in the establishment of the steady state background. Following the establishment of
the BGCR in the counter, the tritium gas was infused into the counter. The actual
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counting rate profile matched the theoretical profile, indicating the advective
compartment model was valid and the infusion operation did not disturb the tritium
detection by possible presence in the counter of impurities from the syringe or syringe
needle. Note that the counting rates were recorded in a non-optimized counting window.
The BGCR value is about four times that of the optimized window.
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Establishment of propane and tritium steady state counting rate in the
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Gross counting rate and signal pulse height were recorded as a function of
increasing high voltage applied on the counter, and are shown in Figure 3.4. The curve
representing gross counting rate versus high voltage, indicates a counting plateau
spanning from about 2150 V to about 2350 V. The pulse height versus high voltage curve
shows a regular slope roughly covering the same bias voltages. The two curves are used
to visualize the proportional region, where the operating voltage is ultimately chosen. The
voltage of 2250 V was retained as the operational voltage.
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Operating bias voltage setting
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Determination of the aqueous tritium concentration calibration
curve based on a 10 minute count time
Tritium gas concentrations were determined after electrolysis of 12 aqueous tritium
concentrations. The data points and linear fit to the data are represented in Figure 3.5
(Detailed data in Appendix B). The equation of the fitted curve enables the calculation of
any unknown sample tritium concentration from the determination of the net gas counting
rate measured with the detector. The linear fit to the data is a calibration curve of the
original assembly PEM electrolyzer gas proportional counter. The slope value of the line,
corrected with the volume correction factor and the electrolytic fractionation factor
represents the efficiency of the counter and is found equal to ~ 50%. This value is in very
good agreement with that found with the tritium gas calibration (49±5%). A detailed
calculation can be found in Appendix B.
Aqueous MDCs were calculated as a function of time and volume ratio using
equation 3.8 (detailed data in Appendix B, Table B.5). The MDC is represented by the
family of curves in Figure 3.6. The estimation of the MDC values was performed with a
BGCR of 0.52 C/s, an electrolytic fractionation factor βe equal to 6.6, and an emission
yield equal to 1.
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Calibration curve of the PEM electrolyzer/gas proportional counting system
based on 10 minute count time

The efficiency of the counter was equal to 49%. The curves vary slightly with the
variation of the background observed in the laboratory. Figure 3.6 shows that two
schemes can lead to the SDWA limit. The first one consists in forming the steady state
mixture in the counter with minimum enrichment and count the β events long enough to
reach the MDC of 740 Bq/L. The second scheme is to enrich the aqueous sample before a
short counting of the gas mixture. For example, it can be inferred that a two hour count of
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a non enriched sample results in an MDC of 740 Bq/L. Alternatively, one can electrolyze
to a volume ratio of 5 and count for 10 minutes to obtain the same MDC of 740 Bq/L.
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Figure 3.6

PEM electrolyzer gas detector assembly MDC. The 740 Bq/L concentration
is represented with a horizontal line.

Simple electrolytic reduction followed by counting
Electrolyses of DDI water samples (blanks) and aqueous standards (~ 740 Bq/L)
were performed and their corresponding gas phases analyzed. The starting sample
volume was large enough (250 mL) to minimize the volume ratio change during the
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electrolysis (1.5 h). Successive gross counting rates were collected for a 10 minute count
time to visualize the establishment of the steady state concentrations in the counter prior
to closing the counter and counting the gas phase for four hours. A representation of the
six successive collections of the background and sample gas activity concentrations is
shown in Appendix B, Figure B.3. The volume change of the electrolyzed solutions was
about 10%, and final aqueous phase concentrations were determined to be 8% above the
initial ones. Average blank and standard counting rates were calculated and reported in
Table 3.2 for comparison.

Table 3.2
Evaluation of the 4 hour counting rate difference between a sample at an
aqueous concentration of 740 Bq/L and corresponding aqueous blank
Assay #

DDI(C/s)

Standard(C/s)

Net
CR(C/s)

Gas phase
activity
concentration
(Bq/L)

Aqueous
activity
concentration
(Bq/L)

1
2
3

0.47
0.46
0.43

0.48
0.49
0.48

average

0.45

0.48

0.033

0.067

640

Standard
deviation
% error

0.02

0.01

0.025

0.051

490

4.5

1.2
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DDI and standard counting rate averages were found to be 0.45±0.02 C/s and 0.48±0.01
C/s, respectively. Both average values were very close and not distinguishable within one
experimental standard deviation. This is mainly due to the large standard deviation of the
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BGCR average value. The resulting percentage error on the counting rate difference is,
therefore, very high. The tritium gas concentration measured by the detector was 0.067
Bq/L, which corresponds to an aqueous concentration of 640 Bq/L (calculated with
equation 3.4). The value found is 100 Bq/L lower than the expected value of 740 Bq/L.
This can be attributed to a small variation on the net counting rate (less than 0.01C/s).
The measured aqueous concentration was above the theoretical MDC (490 Bq/L for a
BGCR=0.45 C/s), based on a four hour count time.

Enrichment followed by counting
As seen in the discussion of Figure 3.6, an alternative to the 1.5 h electrolysis
immediately followed by gas counting on a long time period is sample enrichment before
the short counting (10 min) of the gas phase. This method has the advantage of
generating more significant net counting rates. Enrichment electrolyses of larger blank
and internal standard volumes were performed to increase the tritium concentration in the
gas generated as described earlier in Figure 3.1. The volume of blank and standard
solution electrolyzed was 490 mL, which was reduced to about 70 mL (minimum volume
authorized in the cell). At this volume ratio (VR=7), the concentration in the final internal
standard sample is predicted to increase from 740 Bq/L to 3400 Bq/L, corresponding to a
net counting rate of 0.19 C/s (calibration curve), which should be high enough to be
distinguished from the BGCR that is expected to remain at a value of 0.46 ± 0.03 C/s
(BGCR average based on all steady state BGCR recorded during the experiment). The
enrichment of blank and internal tritium samples was monitored over 28 hours by
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recording 10 minute counts at regular time intervals. The respective counting rates were
represented as a function of volume ratio in Figure 3.7. Raw data can be found in
Appendix B, Table B.13). The final concentration of the aqueous standard, measured by
liquid scintillation counting, was 3600 Bq/L, which is consistent with the actual
concentration measured by the proportional detector (net CR=0.2 C/s or 3600 Bq/L).
Tritium gas concentration above background was noticeably detected above a volume
ratio of 5. At this volume ratio, the aqueous enrichment has a value of 3.6, and the
concentration in the aqueous phase a value of 2700 Bq/L. Measurement of the gas phase
net counting rate at the volume ratio of 5 is 0.16 C/s, which is about five times the 1σ
uncertainty on the BGCR. This can be considered a sufficient condition to define the
detection limit of the detector. One can, therefore, consider the volume ratio of 5 as a
minimum volume ratio to detect 740 Bq/L when the gas phase is counted for 10 minutes.
This is in good agreement with Figure 3.6, where the MDC of 740 Bq/L determined with
the Currie equation is reached after a sample volume reduction of 5. Finally, it is
important to note that by performing the enrichment E=3.5 followed by 10 minute
counting, the error on the net counting rate was reduced by a factor of 2.5 in comparison
to that of the previously described configuration (1.5 h electrolysis followed by 4 h
counting).
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Figure 3.7
Simultaneous enrichment and counting of the tritium gas generated by
electrolysis of the enriching aqueous sample
βe from gas proportional measurement of the gas phase generated
by PEM electrolysis.
Fractionation factor values were calculated by comparing 12 gas concentrations
measured in the PEM electrolyzer/gas detector assembly to the corresponding volume
factor corrected aqueous concentrations. The βe values were reported in Table 3.3. The
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average βe value and the associated standard deviation were found to be 6.6 and 0.6,
respectively. The latter value is identical, within experimental uncertainties, to the value
found with by a strictly aqueous analysis method, and consistent with values found in the
literature (Soreefan and DeVol, 2009; Ivanchuck et al., 2000; Ogata et al., 2005).

Table 3.3

Determination of βe
Computed gas
concentration
(Bq/L) without
fractionation

Electrolytic

0.46

3.11

6.75

4160

0.47

2.87

6.17

6919

0.81

4.78

5.90

7371

0.88

5.09

5.75

11064

1.04

7.64

7.39

10983

1.07

7.60

7.10

11163

1.23

7.71

6.25

14163

1.35

9.78

7.24

18547

2.17

12.81

5.90

24844

2.54

17.17

6.74

30407

3.21

21.01

6.54

25536

2.52

17.65

7.01

Aqueous
tritium
concentration
of electrolyzed
sample
(Bq/Laqueous) as
measured by
LSC

Tritium gas
concentration
(Bq/Lgas)

4505

As measured
by PEM gas
detector system

Fractionation
factor βe

6.6±0.6
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Comparison of the PEM electrolyzer/ gas proportional detector
system with other counting methods used in the laboratory or in
the field
The PEM electrolyzer/gas proportional counter system had a 1.4 and 140 times
greater detection efficiency than the liquid scintillation flow cell and solid scintillation
systems described by Wood et al. (1993), respectively. The PEM electrolyzer/gas
proportional counter BGCR measured with moderate passive shielding around the
counter was about two times higher than those reported for the two other field methods,
probably due to the difference in the detector size. A field study showed, however, that
when the PEM electrolyzer/gas proportional counter was lowered in a well, the BGCR
was significantly reduced. The detailed experiment is reported in Appendix B. In the
particular well located in Clemson, SC at the GPS coordinates ( N 34o 40’ 15.1”; W 82o,
49’ 37.1” ), the BGCR measured at a depth of 12 meters (40 feet) below the surface had a
value of 1.00 ± 0.05 C/s and was lower by a factor of 1.8 than that measured at 0.6 m
above the surface of the ground (1.78 C/s). This effect was attributed to the attenuation of
cosmic rays. The shielding from the earthen over burden coupled with a “fair” passive
shield used in the laboratory would bring the BGCR to a level comparable to those of the
two other field methods. For the same counting times, the PEM electrolyzer/gas counting
system had a MDC ~5 times lower than that of the SSFC and ~10 times higher than that
of the LSFC. The details of the field experiment are given in Appendix B, p156-158.
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Conclusion
The combination of an Ir/Pt PEM electrolyzer with a one liter flow-through gas
proportional counter was optimized for the measurement of tritium present in water. The
calibration curve relating net counting rates measured in the counter and the aqueous
standard concentrations was determined. Concentrations of tritium in aqueous samples
can be measured down to the SDWA limit set by EPA. The measurement of the EPA
SDWA limit involved four hour counting or enrichment of the aqueous sample before
quantification of the tritium with a shorter count time. The latter method reduced the
uncertainty on the net counting rate by a factor of 2.5. Finally, the PEM electrolyzer βe
value was confirmed to be in very good agreement with literature data and that calculated
from aqueous phase measurements from previous work.
.
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CHAPTER 4
TREATMENT OF WATER SAMPLES BEFORE POLYMER
ELECTROLYTE MEMBRANE ELECTROLYTIC REDUCTION
OF H2O/HTO FOR COUNTING TRITIUM AS A GAS
Abstract
A water purification scheme, which is suitable for sample pretreatment prior to
chemical reduction of H2O and HTO with a polymer electrolyte membrane (PEM)
electrolyzer, was evaluated. The newly developed tritium in water detection system
combines a PEM electrolyzer and a 1-L gas proportional counter for the quantification of
HTO as HT. The PEM electrolyzer necessitates the use of an equivalent of distilled
water. A groundwater sample from the Savannah River Site and a surface water sample
collected downstream of a nuclear power station were treated before analysis of their
tritium content by both, liquid scintillation counting and the PEM electrolyzer/tritium gas
detection system. In order to process the samples, columns analogous to the Eichrom
tritium columns® were prepared in our laboratory. For deionization of the water sample,
Diphonix® resin in the H+ form was used as the cationic exchange-complexation resin
and the Dowex® resin 1X4 in the OH- form was used as the anionic exchange resin. A
polymethacrylate resin was placed after the deionizing segment in a separate column to
remove naturally occurring organic matter including organically bound tritium and
carbon-14. The breakthrough capacity of the deionizing “segment” of the column was

determined with a 0.01 N KCl solution by conductivity measurement of the column
effluent aliquots and confirmed with ICP-AES measurements of those same aliquots. The
breakthrough volume was used to estimate the quantity of resin to be used to treat
different sample volumes. Conductivity measurements of the two actual sample effluents,
after the deionizing step, were equal to conductivity measurements of distilled deionized
(DDI) water, confirming the effectiveness of the deionizing treatment. However, the total
organic carbon (TOC) measurements of the sample effluent, after the naturally occurring
organic matter removal, were roughly equal to the measurements performed on the raw
samples,

revealing

a

probable

leaching

of

un-reacted

monomers

from

the

polymethacrylate resin. Average tritium concentration recoveries for the groundwater and
surface water samples were determined to be 99±5% and 96±16%, respectively. The
average concentrations measured by LSC and our electrolysis/proportional detection
system were not different within associated experimental error for both the GW and the
SW samples.

Introduction
Polymer electrolyte membrane (PEM) electrolysis in association with
proportional counting was used to quantify tritium present as HTO in ground and surface
water samples. The electrolyzer produced tritium gas from tritiated water, and the gas
phase formed from tritiated water was subsequently analyzed in the proportional counter
for its tritium content. The tritium in water content was back-calculated from the
information collected from the gas phase analysis (Soreefan and DeVol, 2009). An
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important feature of the PEM electrolyzers is that they must receive deionized water, with
conductivity below 1 μS/cm, to operate properly (Harrison and Levene, 2008). While
distilled water exhibits 0.5-3 μS/cm of conductivity, natural waters exhibit a wide range
of conductivities as seen in Table 4.1, and therefore, treatment prior to quantification by
the gas-filled proportional detection system is necessary. Possible malfunction of the
PEM electrolyzer can occur due to cations present in solution, which can exchange with
membrane protons (poisoning of the membrane), leading to an increase in the resistivity
of the membrane, subsequent ohmic losses and a decrease in the production of hydrogen
(Andolfatto et al., 1994). Also, cations of the solution can be reduced at the cathode and
subsequent metallic deposition on the cathode can be seen generating an increase of the
overpotential during hydrogen evolution (Andolfatto et al., 1994). Distillation of the
water sample is traditionally implemented before quantification of the tritium present in
the analyzed sample (Kaufman and Libby, 1953; Östlund et al., 1987).
A three-component ion exchange column has been developed as a simplified
means to achieve the equivalent of distillation that can be implemented in the field
(Hofstetter et al., 1998). A purification system consisting of a column containing a
deionizing segment composed of Diphonix® resin in the H+ form (ion exchange capacity
of 0.8 meq/L) and Dowex® resin 1X4 in the Cl- form (ion exchange capacity of 1 meq/L),
and a polymethacrylate resin section to remove dissolved organic compounds was
developed by Harvey (1998). This purification system is commercially available through
Eichrom Technologies, Inc (2006) (Lisle, IL) under the name of Tritium column®.
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Table 4.1
Typical conductivities in different waters (Heiland, 1968)-Corresponding
concentrations expressed in meq/L based on composition and conductivity of typical
surface waters and groundwaters (Appendix C).
Type of water

Surface waters (lakes and
rivers)
Very pure water
Salt lakes
Surface waters in districts of
igneous rocks
Surface waters in areas of
sedimentary rocks
Groundwater
Groundwater in igneous rocks
Groundwater in sedimentary
rocks

Conductivity/conducti
vity range (μS/cm)

Concentration (meq/L)

3
100,000
20-300

0.055
1857
0.37-5.57

100-1000

1.86-18.57

60-300
Up to 10,000

1.08-19.07
Up to 181.6

The Diphonix® resin removes, by exchange or complexation mechanisms, cations of
diverse metals including zinc, manganese, chromium, lead, cobalt, nickel, iron (ferric
iron) and copper. It also removes alkali cations, though to a lesser extent. It also shows a
strong affinity for actinides of +IV and +VI oxidation states (Chiarizia et al., 1997). The
Diphonix resin is used in diverse applications such as the removal of metals from
wastewater or purification of acids (Chiarizia et al., 1997; Chiariza et al., 1993). The
Dowex® resin contains alkyl-ammonium anion groups, specifically –CH2N(R2)3+, which
capture anions from the solution. The anionic resin is typically available from
manufacturers in the Cl- form. To completely deionize the water samples, the anionic
resin is converted to the OH- form, prior to usage in the deionizing column. Finally, the
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polymethacrylate resin, which is an aliphatic polymer (acrylic ester) does not ionize in
the presence of water, and adsorbs organics including organically bound tritium and
carbon-14 (Harvey, 1998). Its surface area is of 500 m2/g, with a pore size of 250 Å
(Rohm&Haas, 2003). Our study describes and evaluates this water purification system
and a comparison of the electrolyzer/proportional counter technique relative to
conventional liquid scintillation counting for the quantification of tritium in surface and
groundwater samples.

Materials and Methods
A groundwater sample from the Savannah River Site (Well # SC 2A) and a
surface water sample collected downstream the Oconee nuclear power station (Seneca,
SC) in the vicinity of the position with coordinates N 34o 47’ 33.3”; W 82o 53’00.9”,
were treated before quantification of the tritium concentration by both, liquid scintillation
and our gas detection system. Note the Savannah River Site well was within the site
boundaries and previously known to contain elevated concentrations of tritium. Also note
that the surface water sampling was conducted to correspond with a known approved
release from the nuclear power station.

Preparation of the resins
Approximately 3 g of cationic exchange-complexation Diphonix® resin in H+
form from Eichrom were carefully rinsed on a Buchner filter with aliquots of DDI water
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until effluent was color free. The Diphonix has a capacity of 0.8 meq/gwet

resin.

The

anionic exchange Dowex® resin 1X4 in Cl- form was converted to OH- form using part
of a procedure designed to measure the capacity of an anionic resin (Korkish, 1989).
Briefly, 3 g of the Dowex® resin in the Cl- form are placed in a beaker with DDI water
then transferred to a column. Then 400 mL of a 1 M NaOH solution heated at 40oC are
slowly passed through the column to convert the resin to the OH- form. The resin is then
rinsed with DDI water until the effluent’s pH is the same as the DDI water pH. A
characteristic odor of ammonia is detected while converting the resin to the hydroxyl
form. This is due to partial decomposition of the quaternary ammonium group of the
resin when in contact with a strong alkaline solution, which produces an alcohol and
ammonia (Korkish, 1989). A thorough rinse of the resin is sufficient to decrease the odor
(ammonia diffuses out of the resin and water). The nitrogen content in the rinsing water
was verified to be equal to or below detection limit of the Shimadzu TOC/TN analyzer
(0.05 ppm). The capacity of the anion resin was determined to be 3.0 ± 0.9 meq/gwet resin,
following the rest of the procedure described by Korkish (1989).

Measurements of total dissolved organic carbon after treatment on
polymethacrylate resin and GAC HD 4000
Natural organic matter (NOM) was removed from the natural water samples to
prevent fouling of the catalyst and membrane. The resin used to remove NOM was the
polymethacrylate resin Amberchrom CG-71 with a mesh size of about 100 to 150 mesh,
pore size of about 200 to 300 Å and a very high surface area of 500 m2/g (Rohm&Haas,
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2003). The resin is designed to remove natural carbon compounds including organic 14C
compounds from the water, as well as potential organic materials that may leach from the
deionizing segment. To evaluate the efficiency of the carbon capture, total organic carbon
(TOC) concentration measurements were performed on the raw waters as well as the
fully treated samples. In addition, two other intermediate TOC analyses were performed.
The first one after particulate filtration and the second one after the deionizing segment
but before the polymethacrylate resin treatment. In addition to the test of the
polymethacrylate resin, two TOC removal tests were conducted with granular activated
carbon (GAC), Norit HD 4000. The Norit HD 4000 is a lignite base activated carbon
designed for water treatment applications. It has a large pore size distribution and large
pore volume (macroporous carbon), which promotes fast adsorption and high capacity for
dissolved organics, including NOM (Norit, 2008). The TOC measurements were
performed with a Shimadzu carbon analyzer Model TOC-V CHS/ TN M-1. The
instrument was calibrated to measure TOC values down to 0.2 ppm. The measurement
accuracy is of 1.5% (Shimadzu, 2008).

Relation between conductivity and concentration in ppm
In order to compare ICP-AES and conductivity measurements, conductivity
measurements were converted to concentration units; meq/L of KCl. For infinitely diluted
ideal ionic solutions, the total salt molar conductivity of a solution is defined by equation
4.1:
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Λ0 =

∑ µ i λi 0

,

(4.1)

i

where Λ0 is the total salt molar conductivity in S•cm2/eq (S=Siemens), μi is the number of
equivalent per ion and λi 0 is the single ion conductivity at infinite dilution at 25oC in
S•cm2/equivalent. The values for λK+0 were λCl-0 were equal to 73.5 and 76.3
S•cm2/equivalent, respectively.
The conductivity or specific conductance in units of S/cm can be calculated from Λ0 and
concentrations of the ions present in solution expressed in eq/L. Values of single ion
conductivity at infinite dilution at 25oC can be used to calculate low concentrations of
ions present in solution once the conductivity of the solution has been measured as
expressed by equation 4.2:
N=

1000
×κ
Λ0

(4.2),

where κ is conductivity measured in S/cm, 1000 is the factor to convert liters to cm3, and
N is the concentration expressed in eq/L.

Evaluation of the ionic breakthrough capacity of the deionizing
segment with a surrogate solution of 0.01N KCl solution
The breakthrough capacity of the column deionizing segment was evaluated by
passing a KCl solution at 0.01 N (745 ppm, 1411 μS/cm at 25oC) on two columns
mounted in series each containing approximately 1 g of Diphonix® resin and 1 g of
Dowex® resin. The constituted column has the same volume ratios of resins as the tritium
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column®. The effluent solution was collected in fractions of 10 g and each collected
sample was evaluated for its ion content by both conductivity measurement and ICP-AES
measurement of the K+ ion. The ICP-AES (Thermal Elemental IRIS Intrepid 1000)
instrument has a detection limit for K+ of 0.1 ppm and the Cole Parmer conductivity
meter has a detection limit of 1 µS/cm (0.4 ppm of K+). Both instruments were calibrated
before measurements.

Treatment of actual water samples
A groundwater sample from the Savannah River Site (SRS) and a surface water
sample collected downstream of a nuclear power station were treated before
quantification of the tritium concentration. Conductivities of the raw waters were
recorded to be 25 μS/cm and 45 μS/cm for the surface water sample and the groundwater
sample, respectively. Those conductivities are low for both types of waters. However, it
is not atypical for a SRS groundwater to show conductivities around 40 μS/cm (US DOE,
2007). Also, the surface water was sampled at a very short distance from the nuclear
station where tritium effluent was directly released to a very shallow, calm and low
turbidity river on the sampling day. The water quality may reflect the water quality of the
effluent coming from the power station more than the composition of the river water, as
indicated by the rather high tritium concentrations sampled in the river. Each of the two
raw water samples was subdivided to constitute triplicate samples, (SWI, SWII, SWIII),
and (GWI, GWII, GWIII), for the surface water and groundwater, respectively. The
surface water sample I (SWI) was processed with a 0.45 μm pore size PTFE filter, while
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the surface water sample II and III (SWII and SWIII) and all groundwater samples were
filtered with 0.45 μm pore size Isopore (polycarbonate) filters to remove particulates.
Despite the relatively low conductivities of the raw samples, three deionization segments
mounted in series were used to treat each sample to ensure a proper deionization of the
300 mL samples. The conductivity after deionization treatment was verified to be equal
or less than the recommended 3 μS/cm (DI water conductivity). Measurements of the
conductivities are reported in Appendix C, table C.5. The deionized samples were then
passed through about 1 g of polymethacrylate (PM) resin, packed into a small (7 mL)
column for organic carbon (OC) removal. However, both SW II and GW I were treated
for their carbon content by a 2 g of granulated activated carbon HD 4000 with high
affinity for organic matter instead of the 1 g of PM resin. In addition, the carbon capture
happened before the deionization for those two samples as the carbon itself releases ions
in solution. Following deionization and/or carbon removal by PM resin, all samples were
filtered again on 0.45 μm pore size Isopore membranes. Figure 4.1 and 4.2 summarize
treatment performed on each water sample.

Comparison of sample tritium concentrations measured by LLLSC
to those measured by the PEM electrolyzer/ gas detector
Ten grams of each treated electrolyzed sample were combined with 10 mL of
Ultima Gold AB cocktail and analyzed for their tritium content on the Perkin Elmer
Quantulus liquid scintillation counter for one hour. The remaining treated samples (about
100 mL) were stored in Nalgene bottles until passed through the PEM electrolyzer to
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Chemical treatment for SWII and GWI.
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Collected
sample
LSC,
TOC

generate the hydrogen gas that was subsequently analyzed by the gas-filled proportional
detector for its tritium content. The aqueous concentration was back calculated from the
tritium gas net count rate with the PEM electrolyzer/gas proportional counter system
calibration curve (Soreefan and DeVol, 2009).

Results and Discussion
Evaluation of the capacity of the deionizing column
Figure 4.3 indicates the breakthrough capacity of the column set for a ~0.01 N
KCl solution by ICP measurement of K+ is in good agreement with the conductivity
measurements. The conductivity measurements were converted to milliequivalent per
liter (meq/L) KCl using equation 4.1 and 4.2 with the single ion conductivity at infinite
dilution of K+ and Cl-. The ICP-AES concentration measurements were converted to
meq/L KCl. The breakthrough volume was approximately 150 mL, where the
conductivity measurements jumped from 1 to 8 μS/cm (detection of trace amounts of
KCl). Both the ICP-AES measurements and the conductivity measurements show a net
consistent increase of the concentration after 150 mL of KCl solution have passed
through the column up to the initial KCl concentration (0.01N or 10 meq/L). Assuming
pH of water close to 7 and surface and groundwater compositions identical to those
specified by Langmuir (Appendix C), the deionizing segment could treat a maximum of
300 mL of surface water of igneous rock districts and a maximum of 75 mL of
groundwater of the same region. The deionizing segment would be able to treat as much
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as ~3 L of the surface water collected downstream the Oconee nuclear station and ~1.5 L
of the SRS groundwater. With slightly acidic pH of the actual water samples (pH~6), a
slightly different composition of the water and possible additional channeling, an
additional column containing 1 g of Diphonix® and 1 g of Dowex® was added to
constitute the deionizing segment for the actual treatment.
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Figure 4.3
Evaluation of the breakthrough capacity of two columns mounted in series
for a 0.01 N KCl solution.
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Measurements of total dissolved organic carbon after treatment on
polymethacrylate resin or HD4000
Table 4.2 summarizes the measurements of dissolved carbon in the effluent water after
each treatment step for the groundwater and surface water. Three samples (GWI, GWII
and GWIII) were taken from the main groundwater bottle to perform the analysis while
two (SWII and SWIII) were constituted for the surface water sample. In total five
samples were treated and their effluent water analyzed after each treatment step. Note
that treatment was not conducted on SW1, which was the first sample electrolyzed. The
failure of the electrolyzer after the reduction of the sample led us to a more detailed
analysis of the organic content of the sample afterwards. The TOC concentrations of the
raw groundwater and surface water were equal to 0.76±0.01 ppm and 0.71±0.01 ppm,
respectively.

Table 4.2

TOC measurements of the GW after each treatment step
TOC (ppm)

GWI
GWII
GWIII
SWII
SWIII

After
Particulate
filtration
0.78±0.01
0.75±0.01
0.75±0.01
0.72±0.01
0.72±0.01

After GAC After
HD 4000
Deionization

After Polymethacrylate resin
& post particulate filtration

0.15±0.01
0.25±0.00
-

0.71±0.01
0.72±0.01
0.54±0.01

0.17±0.01
0.16±0.01
0.22±0.01
0.44±0.01
0.11±0.00
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The concentrations of dissolved organic carbon (OC) in the natural waters can be
related to those of the organic matter (OM) by the relation OM= 1.7×OC. The measured
raw surface water and groundwater OC values give OM concentrations within the range
1-3 ppm of very “clean” water bodies like open oceans or deep water lakes (VanLoon
and Duffy, 2005). The measured concentrations after particulate filtration of the raw
waters indicate the treatment barely modifies the OC content of the measured samples.
Treatment by carbon HD 4000 of GWI and SWII indicates 81% of the organic matter is
removed from the groundwater while 65% is removed from the surface water. The
deionization performed on GWI barely modified the content of OC. However the
deionization step on SWII increased the carbon concentration by a factor of 1.76. It is
possible unreacted monomer leached out from the deionizing resins while deionization
step was performed. It is important to note that in the deionization of GWII, GWIII and
SWIII, dissolved organic carbon was removed with efficiencies of about 81%, 79% and
85%, respectively. This is comparable to the removal efficiency by the HD 4000 found
for GWI and higher than the removal efficiency by HD 4000 on the SWII sample. The
removal by the anionic resin is presumably the cause of the decrease of the organic
concentration after passing through the deionizing segment, where humic and fulvic and
other soluble organic compounds are removed by ionic exchange mechanisms as well as
by Van der Waals forces (Purolite, 1999). Finally, the treatment by polymethacrylate
resin for the removal of residual organics after the deionization, increased the dissolved
organic carbon content of the samples by 443%, 327%, and 490% for GWII, GWIII and
SWII. It is possible monomers leached from the resin. TOC concentration measurements
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performed and reported by the manufacturer on different polymethacrylate resin lots are
close to the measured TOC values reported in Table 4.2 after the polymethacrylate resin
treatment (Eichrom, 2008). A rinse with 60 mL of isopropanol on 6 g of
polymethacrylate resin was performed to remove the possible presence of monomers. The
isopropanol was let in contact with the resin for about 1 hour. The excess isopropanol
was then drained and the resin washed thoroughly with water. DDI water was then
collected and TOC concentration measurements were performed on a succession of
effluent samples. TOC concentrations remained around 1 ppm, showing the
polymethacrylate still releases organics after thorough cleaning. Lower concentrations
than 1 ppm TOC cannot be achievable after treatment by the polymethacrylate resin.

Tritium Recovery from samples
Tritium sample concentrations were measured by liquid scintillation counting.
Tritium recovery was calculated by dividing the tritium concentration of the sample after
treatment to the tritium concentration of the raw sample. The average recovery and the
associated standard deviation after treatment of three samples with the procedure
indicated in Figure 4.1 and 4.2 were found equal to 96±16% and 99±5% for the surface
water and groundwater, respectively. Tritium recoveries were reported in Table 4.3
(Detailed data in Appendix C, Table C.6). The magnitude of the errors on the average
recoveries after treatment of the samples was similar to those found for the average
recoveries after particulate filtration. This shows the rest of the treatment had a minor
impact on the recovery percentage errors. The standard deviation on the average surface
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water recovery after particulate filtration was larger than that of the average groundwater
recovery because of lower recoveries in particulate filtered SWII. The recovery in treated
SWII followed the same trend, which explains the high standard deviation on the average
surface water recovery after treatment. However, the recovery in SWII after electrolysis
was greater than expected. This was explained by a possible tritium contamination of the
electrolytic cell, which erroneously increased the concentration of the electrolyzed water
sample. SWI was filtered with a PTFE particulate filter whereas all other samples were
filtered with a polycarbonate particulate filter. This could be the source for the higher
tritium concentration in SWI after particulate filtration. Finally, GWII and GWIII were
filtered the same day from the same aliquot, reducing the possibility of other sources of
deviation in the groundwater average recoveries.

Table 4.3

Tritium recovery percentages at various stages in the treatment process

Sample
Type/ID
SWI
SWII
SWIII
Average SW
Recovery(standard
deviation)
GWI
GWII
GWIII
Average GW
Recovery(standard
deviation )

After Particulate
filtration
(%)
109±4
75±3
94±4
93±17

After treatment,
before electrolysis
(%)
109±4
79±3
100±4
96±16

After treatment,
after electrolysis
(%)
114±5
97±4
102±4
104± 9

107±4
97±4
97±4
100± 6

93±4
101±4
102±4
99± 5

96±4
104±4
106±4
102± 5
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Comparison of sample tritium concentrations measurements
generated by LSC, and our newly developed detection system
Tritium concentrations of electrolyzed samples were measured by liquid scintillation
counting, and our new detection system, and are reported in Table 4.4 (detailed data are
reported in Appendix C, Table C.7).
The average concentrations measured by LSC and the electrolysis/proportional detection
system were not different within associated experimental error for both the GW and the
SW samples. Their difference was less than 2% and within the 1-σ uncertainties reported
for these measurements. There was no evidence the TOC impacted the measurement by
the PEM electrolyzer/gas proportional counter system.

Table 4.4

Sample tritium concentrations measured by LSC and the PEM
electrolyzer/gas proportional system
LSC Average
Aqueous
concentration
(Bq/L)
(standard
deviation)

Surface Water

4100±200

Groundwater

7000±400

Electrolysis/
proportional
detection system
average aqueous
concentration
(Bq/L) (standard
deviation)
4000±500
7000±300
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% Difference

2%
none

Conclusion
A deionizing treatment, combining three columns containing each 1 g of
Diphonix resin in H+ form and 1 g of Dowex resin in OH- form, was tested to remove
ions from 300 mL of groundwater, and surface water samples with relatively low
conductivity. The treatment was confirmed to remove ions sufficiently for our
application, at a conductivity of DI water (0.5-3 μS/cm). In addition, it was shown that
the deionizing treatment decreased the dissolved organic matter concentration at or below
detection limit. The polymethacrylate resin designed to remove the dissolved organic
matter present in the water samples was shown to leach carbon at a concentration level
equal to the initial concentration level present in the raw water samples. A granulated
activated carbon HD4000 segment was tested as a replacement for the polymethacrylate
resin. The GAC treated waters exhibited TOC concentration levels around the detection
limit concentration level. The use of the HD 4000 is recommended in replacement of the
polymethacrylate resin. The tritium recoveries found for the SW and the GW samples
were 96±16% and 99±5%, respectively. The treatment did not have any impact on the
tritium measurement by the PEM electrolyzer/gas proportional counter system.
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CHAPTER 5
CLOSURE
Summary
This research presents the study of the combination of a Pt/Ir PEM electrolyzer
with gas flow proportional detector as an original system to detect tritium in groundwater.
The study contributes to the development and understanding of long term tritium
radiation monitoring sensors for natural waters, and is of interest to DOE sites and
potentially to the nuclear power facilities. This work was specifically undertaken to
respond to a research need expressed by DOE for new selective sensors for monitoring
current and changing conditions of pure β emitter contamination in groundwater.
Although many improvements remain to be implemented to reach the field system final
design, the research performed with the laboratory prototype already brings insights on
the performance of the PEM/Pt electrolyzer/proportional gas detector for monitoring
tritium in groundwater.
Measurements of aqueous enrichment (E) of a water sample for specific volume
reductions, as presented in Chapter 2, helped in determining specific constants of the Ir/Pt
selective PEM electrolyzer, such as the fractionation factor, β, and the electrolytic
fractionation factor βe. These parameters are critical to quantify because they
significantly determine the tritium concentration sent into the proportional detector and

therefore, the overall PEM electrolyzer/gas proportional counter sensitivity for aqueous
tritium.
Chapter 3 demonstrated the effectiveness the PEM Ir/Pt electrolyzer/gas
proportional detector system for the measurement of tritium in water samples. In
particular, the tritium gas generated from the electrolyzer is of sufficient purity to
produce a tritium signal with the gas proportional detector. Optimization of the radiation
detector counting conditions was performed in the laboratory environment with passive
shielding. Aqueous tritium MDCs were determined as a function of counting time and
enrichment in the laboratory environment. Lowering the gas detection system in a
groundwater well highlighted the potential shielding that can be obtained from the ground
itself. The maximum contaminant level of 740 Bq/L was detected after four hours of
counting in the laboratory set up. Chapter 3 also stressed that better precision of the
measurement can be achieved by performing an enrichment step before a short counting
operation. This enrichment step is, however, too long from the standpoint of the
development of a near real time measuring instrument.
Chapter 4 presented the validation of a simple purification system, applicable to a
future field application and mandatory before sample electrolysis. The main challenge
was for that system to be effective at deionizing the actual natural water sample without
affecting the tritium concentration of the raw sample. A comparison of the treated sample
concentrations measured by the PEM electrolyzer/gas detector to those measured by
LLLSC indicated good agreement between the two counting methods.
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Specific conclusions
Chapter 2
1. Enrichment of six aqueous tritium samples by the Ir/Pt PEM electrolyzer was
quantified as a function of volume ratio to determine the tritium fractionation factor β.
β was found equal to 4.7±0.3.
2. The electrolytic factor βe was deduced from β, and found equal to 6.6±0.7. The
latter value, was found to be in good agreement with experimental and theoretical data
published by two other research groups.
3. The β and βe values found with the PEM cell used in our experimental work are
relatively low in comparison to those of the conventional Ni/Fe electrolytic cell (β= 26
and βe= 37). The difference is mainly explained by the cathode catalyst and a lower
experimental temperature used during Ni/Fe electrolysis.
4. A direct consequence of the lower fractionation factors found for the PEM
electrolyzer is a lower capacity for tritium aqueous enrichment in comparison to the
conventional cell.
5. Although a lower βe value is not advantageous from the aqueous enrichment
standpoint, the property is of interest to those who want more tritium in the gas phase, as
in the case where tritium is counted by gas proportional counting.
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Chapter 3
The combination of an Ir/Pt PEM electrolyzer with a one liter flow-through gas
proportional counter was optimized for the measurement of tritium in water.
1. The operating voltage of the tritium radiation detector was set at 2250 V, a
voltage included in a short proportional region counting plateau spanning from 2150 to
2350 V.
2. A hydrogen/propane fill-gas mixture of 94/6% by volume is sufficient to obtain
a good counting signal.
3. The efficiency of the counter was found to be 49±5% within a counting
window spanning from channel 246 to 1000 channels (out of 8192 channels).
4. The background for the 1 L detector passively shielded with 5 cm of lowactivity lead was 0.52±0.03 C/s within the counting window.
5. The calibration curve relating net counting rates measured in the counter and
the aqueous standard concentrations was Net CR (C/s) = 0.016405+ 5.2345e-5Caqueous
(Bq/L).
6. The MDC was defined as a function of volume ratio and counting time giving a
family of curves, characteristic of the Ir/Pt PEM electrolyzer/proportional detector in the
laboratory conditions.
7. Concentrations of tritium in aqueous samples can be measured down to the
maximum contaminant level established by EPA. The two extremes are
~1.5 hours of electrolysis (production of counting mixture) followed by 4
hours of gas phase counting, or
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a 28 hour enrichment step of the aqueous sample to obtain a volume ratio
of 7 followed by a 10 minute quantification of the tritium gas. Precision of the
latter is better due to a significant difference between the GCR and BGCR. An
improvement of the precision by a factor of 2.5 is obtained relative to the previous
method.
8. The PEM electrolyzer βe value (6.6±0.6) determined by the gas-phase
measurement was confirmed to be in excellent agreement with the value determined
solely on the aqueous phase analysis (βe = 6.6±0.7)

Chapter 4
A deionization water treatment, combining a series of three columns each
containing 1 g of Diphonix resin in H+ form and 1 g of Dowex resin in OH- form, was
tested to remove ions from 300 mL of groundwater, and surface water samples that had
relatively low conductivity.
1. The treatment could remove ions to constitute sufficiently purified waters for
our application, at a conductivity of roughly 1 μS/cm.
2. The deionizing treatment decreased the dissolved organic matter concentration
at or below detection limit for both waters.
3. The polymethacrylate resin selected to remove the dissolved organic matter
present in the water samples was shown to leach carbon at a concentration level equal to
the initial concentration level present in the raw water samples.
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4. Granulated activated carbon (HD 4000) was tested as a potential replacement
for the polymethacrylate resin and removed TOC down to concentration levels around the
detection limit. Its use is recommended in replacement of the polymethacrylate resin.
5. The tritium recoveries found for the SW and the GW samples were 96±16%
and 99±5%, respectively.
6. The difference between the measurements by LLLSC and the electrolysisproportional detection system was less than 2% for both the GW and the SW tested for
samples containing ~105 Bq/L.
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Future work
Improvements to the in-situ sensor laboratory prototype can be implemented. A
list of a few new directions to the study is proposed hereafter. Future research could
address the following points:
1. Some variation in the flow rates with the system studied was observed despite
the careful flow control system installed on the gas line. A system of auto regulation of
the flows could be designed to improve the measurement precision. It is also
recommended for the control of the hydrogen flow rate that the power supply for the
PEM cell be with a constant current setting.
2. One could improve the sensitivity of the instrument and the precision of the
measurements for lower than 740 Bq/L aqueous concentrations. As drinking water
standards may decrease to lower levels (i.e. the new proposed European Union standard
is of 100Bq/L), both sensitivity of the instrument and its precision have to be improved.
Higher sensitivity could be obtained by increasing the size of the detector and the tritium
gas volume analyzed, but technical difficulties such as the construction of a detector with
a thin, longer anode are significant. The diameter of the detector is limited by the well
diameter in addition to the thickness of the chamber (passive shielding around the
detector). The pressure inside the counter could also be increased, though the
pressurization would involve a more complex and hazardous field device. The higher
sensitivity can also be obtained by diminishing the BGCR of the system. Active shielding
could be designed to decrease the BGCR in the tritium window. A higher sensitivity
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would also be found by decreasing the tritium fractionation at the electrolyzer cathode.
One way of obtaining less fractionation would be to increase the PEM electrolyzer
working temperature. The temperature impact on materials and lifetime of the PEM
electrolyzer would have to be studied. Materials other than Pt with lower fractionation
properties could also be utilized to increase the sensitivity of the system. One could also
study a system combining a series of two types of electrolyzers, one with high cathode
isotopic fractionation to produce a highly concentrated tritium solution, mounted in series
with an electrolyzer with low isotopic fractionation to produce the tritium gas for gas
proportional counting. A study of the concentration in the water coming out of the
electrolytic cell cathode compartment (water recycled in our experiment) could be
performed to validate the advantage of recycling the cathode water back to the anode
compartment performed in this work. Finally, a new electrolytic cell design could be
imagined such that the final electrolyzed sample volume was low enough to limit the
enrichment process duration.
3. The actual sample pretreatment study could be extended by looking at the
polymethacrylate resin effectiveness in removing dissolved organics with waters of larger
TOC concentrations, studying other carbon of low sulfur content (wood based instead of
lignite to avoid the catalyst poisoning by sulfur), and finally looking at a treatment for
decreasing the amount of ions present into the carbon to extent the “life time” of the
deionizing segment placed after the GAC treatment unit.

103

APPENDICES

Appendix A
Data relative to the determination of tritium enrichment parameters
of the commercially available PEM electrolyzer
Picture of the PEM electrolyzer

Figure A.1

Picture of the STAXX7 PEM electrolyzer used in all experimental work
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Enrichment parameters data

Table A.1

Electrolysis measured quantities V, V0, T, T0, and rinse activity and
associated 1-σ propagated uncertainty.

VR

V
Error V0
Error T
Error T0
Error Activity Error
(mL) (1 σ)
(1σ)
(mL) (1 σ) (Bq/L)
(Bq/L) (1 σ) rinse
(Bq)

4.75

53

2

252

1

2.83

0.10

0.8

0.01

38.43

0.15

7.30

61

2

446

2

3.14

0.09

0.68

0.01

28.01

0.11

10.91

46

2

502

2

4.36

0.18

0.68

0.01

39.2

0.20

12.70

54

2

678

1

4.55

0.17

0.64

0.01

40.51

0.20

18.41

44

2

810

1

6.19

0.27

0.62

0.01

41.33

0.20

25.91

46

2

1192

1

7.98

0.33

0.62

0.01

67.23

0.23

Table A.2

Enrichment parameters F, E, β and βe determined from the aqueous
enrichment experiments

Volume Error
ratio
(1 σ)
(VR)

Evolved
fraction
(F)

Error
(1 σ)

Enrichment
(E)

Error
(1 σ)

β

Error
(1 σ)

βe

4.75

0.16

0.19

0.01

3.52

0.13

5.22

0.81

7.85

7.30

0.22

0.30

0.01

4.63

0.15

4.37

0.39

5.96

10.91

0.46

0.33

0.01

6.43

0.29

4.52

0.48

6.27

12.70

0.46

0.37

0.02

7.09

0.28

4.37

0.37

5.96

18.41

0.46

0.38

0.02

10

0.46

4.78

0.45

6.83

25.91

0.79

0.40

0.02

12.90

0.57

4.67

0.37

6.58

4.66

0.32

6.57

Mean &
stand.
Dev.
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Error
(1σ)

0.71

Counting error computation
The error on the standard concentration before and after electrolysis is based on
counting error and error on volumes. Errors on activity concentration, volume ratio VR,
enrichment factor E, and evolved fraction F were based on the derived general equation:

Where u = u(x, y, z,...) represents the derived function, and x, y, and z are
independent variables for which σx, σy, and σz are known.
The error on counting rate is expressed as

Where σc is the error associated with the number of counts and equal to:

The net counting rate error expression is

Where GCR, BDCR, tBC, and tGC are the gross counting rate, the background
counting rate, the background count time and gross count time, respectively.
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Electron microscopy coupled with X-ray wavelength dispersive
spectroscopy elemental analysis of different components of the
PEM electrolyzer

Figure A.2

Ir/Pt PEM electrolyzer cathode. Area showing the Nafion membrane. The
zone selected for the analysis is the catalyst for identification of the metal.
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Figure A.3

PEM electrolyzer cathode. Area showing the Nafion membrane. The
analysis was performed on a zone with carbon.
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Figure A.4

PEM electrolyzer cathode. Area showing the Nafion membrane. The
elemental composition is performed on a small portion of the uncovered
membrane.
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Figure A.5

PEM electrolyzer. Conduction grid elemental composition. The analysis is
performed on a specific area of the grid.
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Figure A.6

PEM electrolyzer. Elemental composition of the anode after anode
mapping. No specific zone was selected.
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Statistical analysis for the β value dependence on volume ratio VR

Research hypothesis

Ha: slope ≠ 0 (β is dependent of the volume ratio)

Null Hypothesis

Ho: slope = 0 (β is independent of the volume ratio)

Reject Ho if │t*│> t97.5%(5)
t97.5% (5) = 2.571
│t*│= slope value/std error(slope) = 0.29
Conclusion: We cannot reject Ho. Conclude that β is independent of VR at the
95% confidence level.

Table A.3

Least square linear regression of β parameters and ANOVA table obtained
with Statistix 9.0

Variables

Coefficient Standard Error

T

P

Constant

4.73487

0.30942

15.30

0.0001

VR

-0.00599

0.02050

-0.29

0.7847

R-squared

0.0209

Resid. Mean Square
(MSE)

0.12624

Adjusted Rsquared

-0.2239

Standard Deviation

0.35531

AICc

3.1499

PRESS

1.2502

Source

DF

SS

MS

F

P

Regression

1

0.01078

0.01078

0.09

0.7847

Residual

4

0.50497

0.12624

Total

5

0.51575

Cases included

6

113

Computed enrichment factors for the PEM and Conventional Ni/Fe
electrolyzer

Table A.4

Calculated average enrichment in PEM and Ni/Fe electrolyzers based on
measured and published values of β (βPEM = 4.7 ; βConventional= 26).

Volume βPEM EPEM βConventional EConventional
ratio
(VR)
4

4.7

2.6

26

3.8

10

4.7

4.9

26

9.1

16

4.7

6.8

26

14.4

20

4.7

7.9

26

17.8

25

4.7

9.2

26

22.0

30

4.7

10.4

26

26.3

35

4.66

11.6

26

30.5
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Appendix B
Data relative to the gas proportional counting of tritium gas
Proportional counter
Proportional counters are gas-filled detectors, where the interaction of individual particles
(alpha or beta) with gas molecules results in the formation of ion pairs. The collection of
the generated ion pairs is made by imposing a voltage between the cathode and anode of
the detector. Those detectors are typically operated in pulse mode enabling the
preservation of the information on timing and amplitude of individual radiation
interactions in the detector. The output signal of the detector is a series of individual
pulses, each representing one interaction of a particle with the gas molecules in the
detector. The charge resulting from a single interaction between a quantum of radiation
and gas molecules can be amplified by increasing the voltage between the anode and
cathode. This phenomenon is referred as gas multiplication and greatly increases the
sensitivity of the detector. Whilst gas multiplication takes place, the charge developed in
the counter remains proportional to the number of initial events within a range of voltages
defining the proportional region. In this region, the pulse amplitude of a 2 MeV particle is
twice as large as the one of a 1 MeV particle. In those detectors, the lower level of
detection is set by the background radiation level.
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Counting curves
Gas multiplication varies with the high voltage applied to the detector. It is
important to select a voltage high enough to obtain enough gas multiplication and a
subsequent signal exceeding the discrimination level of the counting system. A curve
representing the counting rate versus high voltage can be traced to find the optimal value
of the high voltage applied on the detector. The operating voltage is selected within the
plateau region. The operation in this zone insures minimal drifts in the number of counts
recorded. A second curve representing the signal pulse height versus applied high voltage
can be drawn to visualize the proportional region. The latter curve is a semi-log curve,
and the proportional region appears with a constant slope after the ionization region
(horizontal region of the curve). Both curves were used simultaneously to determine the
proportional region of the counter.

Conversion factor Cv calculation
Active volume of the counter=1042cm3
Conversion gas volume to water volume to back-calculate the concentration of
activity in water
At 298oK and atmospheric pressure 1042×94% cm3 gas corresponds to
= 0.0400 mol.
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Therefore, 0.0400 (mol-1) × 18(g.mol-1) = 0.72 g water since 1 mol H2 is produced
by 1 mol H2O. Then, 1042 cm3gas/0.72cm3water = 1447 cm3gas/cm3water is the volume
conversion (1cm3 of gas contains 1447 less tritium than 1 cm3 of water)

Determination of the Counting window

1

MDC (Bq/Lgas)

LLD position
ULD position

Counting window

0.1
0

246

500

1000
Channel number

Figure B.1

LLD and ULD positioning
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1500

2000

Data relative to Figure 3.1

Table B.1

Computed concentration of tritium in the hydrogen gas generated by
electrolysis of a 740 Bq/L aqueous solution

Volume ratio (VR) HT concentration (Bq/L)

HT concentration(Bq/L)

From PEM electrolysis

From conventional electrolysis

2

0.13

0.03

3

0.18

0.04

4

0.23

0.05

5

0.27

0.06

6

0.31

0.07

7

0.36

0.09

8

0.39

0.10

9

0.43

0.11

10

0.47

0.12

15

0.65

0.18

20

0.82

0.24

30

1.12

0.36

40

1.41

0.48
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MDA determination for two different concentrations of propane
gas in counter in the proportional region of the counter

1.2
1.1

MDA (Bq)

1
0.9
6%
0.8

14%

0.7

2200 V

0.6

10 min count time

0.5
0.4
0

100

200

300

400

500

600

channel number
Figure B.2

Variation of MDA in the counter for two different concentrations of
propane gas in the counter. The bias voltage applied to the counter is in the
proportional region. Gases are highly purified from gas tanks.
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Data relative to Figure 3.3

Table B.2

Establishment of steady state propane and tritium gas mixture CR. LLD
placed at channel 82. ULD placed in channel 8192.

Time to equilibrium
(min)

Predicted
GCR (C/s)

Time to equilibrium
(min)

Gross
counts

Counting time

Actual
GCR*(C/s)

1

0.52

16

360

600

0.60

3

1.20

27

594

600

0.99

5

1.60

37

960

600

1.60

7

1.80

49

1143

600

1.90

9

1.92

61

1242

600

2.07

11

1.99

72

1206

600

2.01

13

2.03

83

1278

600

2.13

15

2.05

95

3180

300

10.60

17

2.06

100

4203

300

14.01

19

2.07

105

4203

300

14.01

20

2.07

111

4224

300

14.08

30

2.08

123

4233

300

14.11

40

2.08

128

4167

300

13.89

50

2.08

134

4206

300

14.020

60

2.08

139

4242

300

14.14

70

2.08

80

2.08

90

10.82

95

13.36

100

13.96

105

14.10

111

14.13

117

14.14

123

14.14

128

14.14

134

14.14

139

14.14
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The predicted counting rate for the hydrogen propane gas mixture was performed
with a value of the hydrogen flow rate equal to ~295 cm3/minute and a propane flow rate
of 19 cm3/minute. The volume where the propane/ hydrogen mix is calculated with the
volume of the counter, the volume of the tubing joining the manifold to the counter, the
manifold volume. The total volume is equal to 1080 cm3. The predicted counting rate of
the tritium/hydrogen/propane gas mixture was performed with the same values for the
propane and hydrogen gas flow rates and a tritium gas flow rate of 0.05 cm3/minute. The
volume used was the same as that used for the hydrogen propane mixture. Computation
of the predicted GCR was performed with the following equation
Q

− ×t 
GCRcounter (t ) = GCRst .state × 1 − e  V  
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Data relative to Figure 3.4

Table B.3

Operating voltage setting

High Voltage(V) Pulse Height(V)

GCR(C/s)

1000

0.06

0.096

1500

0.07

1.07

1600

0.08

3.55

1700

0.10

7.62

1800

0.14

11.68

1900

0.34

15.47

2000

0.35

18.70

2050

0.42

19.66

2100

0.57

20.24

2150

0.74

21.10

2200

0.95

21.40

2250

1.44

21.45

2300

2.16

21.81

2350

2.73

22.19

2400

3.81

22.07

2450

4.86

22.35

2500

7.63

23.14
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Data relative to Figure 3.5

Table B.4

Calibration curve of the PEM electrolyzer/gas proportional counting system

Aqueous
GCR(C/s)
concentration (Bq/L)

Error GCR
(1σ) (C/s)

Blank CR
(C/s)

Error
Blank Cr

Net CR
(C/s)

Error Net CR
(1σ) (C/s)

(1σ) (C/s)
4503

0.789

0.049

0.554

0.018

0.235

0.053

4159

0.769

0.037

0.531

0.023

0.237

0.044

7371

1.026

0.046

0.574

0.011

0.452

0.047

11064

1.103

0.034

0.574

0.011

0.528

0.036

6919

0.943

0.046

0.529

0.038

0.414

0.059

11163

1.159

0.043

0.529

0.038

0.630

0.057

25536

2.100

0.070

0.815

0.021

1.285

0.073

18547

1.956

0.086

0.847

0.066

1.109

0.108

14163

1.453

0.032

0.763

0.040

0.690

0.051

10983

1.289

0.054

0.743

0.011

0.546

0.055

30407

2.430

0.150

0.790

0.080

1.640

0.170

24844

2.100

0.070

0.790

0.021

1.310

0.073

The slope of the calibration equation was corrected by the volume factor:
Slope= 5.2345×10-5 [(C/s)/(Bq/Laq)]
Correction for volume change: slope × 1447= A
Correction for the isotopic fractionation: A×6.6
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The result is the gas proportional counter efficiency ε≈ 50%, consistent with
measurement by HT gas standard.

Data relative to Figure 3.6

Table B.5
Volume Ratio

PEM electrolyzer/gas detector assembly MDC (Bq/Lwater)
10
minutes

1hour

2 hours

4 hours

8 hours

24
hours

28 hours

1

2695

1080

760

536

378

218

201

2

1561

625

440

310

219

126

117

3

1135

454

320

225

159

91

85

4

905

362

255

180

127

73

67

5

759

304

214

151

106

61

56

6

657

263

185

130

92

53

49

7

582

233

164

115

81

47

43

8

524

210

148

104

73

42

39

9

477

191

134

95

67

38

35

10

439

176

124

87

61

35

32

20

254

102

71

50

35

20

19

30

185

74

52

36

26

14

13

40

147

59

41

29

20

11

11

50

123

49

34

24

17

10

9

60

107

43

30

21

15

8

8

70

95

38

26

18

13

7

7

80

85

34

24

17

12

6

6

90

78

31

22

15

10

6

5

100

71

28

20

14

10

5

5

(VR)

124

Volume Ratio
1

1.02

1.04

1.06

1.08

1.1

0.6

0.5

GCR (C/s)

0.4

0.3
BGCR I
BGCR II
BGCR III
740 Bq/L I
740 Bq/L II
740 Bq/L III

0.2

0.1

0
-20

0

20

40

60

80

100

120

Electrolysis time (minutes)
Figure B.3

Establishment of steady state concentrations in the counter for three blanks
and three 740 Bq/L tritiated aqueous samples.
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Data relative to Figure B.2

Table B.6

Establishment of blank I steady state concentration

Time (min) GCR(C/s)

Error (1 σ) (C/s)

10

0.126

0.014

24

0.293

0.022

34

0.376

0.025

45

0.430

0.026

56

0.438

0.027

70

0.460

0.027

80

0.426

0.026

91

0.373

0.024

102

0.433

0.027

Table B.7

Establishment of blank II steady state concentration

Time (min) GCR(C/s)

Error (1 σ) (C/s)

10

0.023

0.006

26

0.170

0.016

36

0.341

0.023

48

0.421

0.026

60

0.413

0.026

76

0.421

0.026

87

0.430

0.026

101

0.458

0.027

112

0.473

0.028
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Table B.8

Establishment of blank III steady state concentration

Time (min) GCR(C/s)

Error (1 σ) (C/s)

10

0.101

0.013

22

0.170

0.016

34

0.258

0.020

44

0.383

0.025

55

0.411

0.026

68

0.473

0.028

78

0.491

0.028

92

0.491

0.028
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0.478

0.028

Table B.9

Establishment of 740 Bq/L I steady state concentration

Time (min) GCR(C/s)

Error (1 σ) (C/s)

10

0.048

0.008

21

0.175

0.017

32

0.290

0.021

45

0.471

0.027

59

0.466

0.028

69

0.566

0.030

80

0.498

0.028

91

0.540

0.030

107

0.500

0.029
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Table B.10 Establishment of 740 Bq/L II steady state concentration
Time (min) GCR(C/s)

Error (1 σ)
(C/s)

10

0.125

0.014

21

0.123

0.014

45

0.433

0.027

55

0.483

0.028

68

0.481

0.029

88

0.535

0.029

98

0.505

0.029

112

0.496

0.029

Table B.11 Establishment of 740 Bq/L III steady state concentration
Time (min)

GCR(C/s)

Error (1 σ)
(C/s)

15

0.161

0.016

26

0.146

0.015

36

0.318

0.023

47

0.455

0.027

58

0.458

0.027

68

0.431

0.026

82

0.470

0.027

93

0.445

0.027

107

0.443

0.027
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Table B.12 Four hour counting of three blanks and three 740 Bq/L samples
Sample number Gross Count (C)

Error (1 σ)

GCR(C/s)

Error(1 σ)

Blank 1

6125

78

0.425

0.005

Blank 2

6807

83

0.473

0.006

Blank 3

6630

81

0.460

0.006

740 Bq/L 1

6973

84

0.484

0.006

740 Bq/L 2

7112

84

0.494

0.006

740 Bq/L 3

6918

83

0.480

0.006
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Average ± Stand. Dev.

0.453±0.025

0.486±0.007

Data relative to Figure 3.7

Table B.13 Simultaneous enrichment and counting of the tritium gas generated by
electrolysis of a blank and the corresponding aqueous standard at 740 Bq/L
Volume ratio
(VR)

Sample CR
(C/s)

Error sample CR (1
σ) (C/s)

BGCR
(C/s)

Error BGCR (1 σ)
(C/s)

Net CR
(C/s)

Error net CR(1 σ)
(C/s)

1.0079

0.261

0.020

0.118

0.030

0.143

0.025

1.0139

0.496

0.028

0.213

0.030

0.283

0.034

1.0195

0.541

0.030

0.342

0.030

0.199

0.038

1.0499

0.536

0.029

0.527

0.030

0.009

0.042

1.0753

0.658

0.033

0.521

0.030

0.136

0.044

1.1288

0.548

0.030

0.603

0.030

-0.055

0.043

1.1376

0.576

0.031

0.603

0.030

-0.026

0.044

1.1446

0.550

0.030

0.599

0.030

-0.049

0.043

1.1517

0.570

0.030

0.596

0.030

-0.026

0.044

1.1838

0.556

0.030

0.530

0.030

0.026

0.042

1.1928

0.591

0.031

0.515

0.030

0.076

0.042

1.1998

0.583

0.031

0.540

0.030

0.042

0.043

1.2590

0.615

0.032

0.550

0.030

0.065

0.044

1.3789

0.635

0.032

0.553

0.030

0.081

0.044

1.7883

0.605

0.031

0.554

0.030

0.050

0.043

1.9733

0.615

0.032

0.571

0.030

0.043

0.044

2.0003

0.641

0.032

0.574

0.030

0.067

0.045

2.0281

0.633

0.032

0.576

0.030

0.057

0.044

2.9518

0.636

0.032

0.555

0.030

0.081

0.044

3.1330

0.615

0.032

0.565

0.030

0.050

0.044

3.8692

0.711

0.034

0.567

0.030

0.143

0.046

3.9593

0.673

0.033

0.571

0.030

0.101

0.045

4.347

0.643

0.032

0.562

0.030

0.080

0.044

4.5203

0.736

0.035

0.557

0.030

0.178

0.046

4.6437

0.705

0.034

0.555

0.030

0.149

0.045

4.9118

0.745

0.035

0.564

0.030

0.180

0.046

5.0830

0.708

0.034

0.569

0.030

0.138

0.046

6.2500

0.800

0.036

0.565

0.030

0.234

0.047

6.4474

0.718

0.034

0.572

0.030

0.146

0.046

6.7680

0.820

0.036

0.588

0.030

0.231

0.048

7.0241

0.767

0.035

0.588

0.030

0.177

0.047
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Data relative to the Field experiment
The detector was lowered into a 12.7 cm (6 inch) diameter; about 20 m deep (60
feet) water well located in Clemson, South Carolina. The water table is located about 15
m below the surface of the groud. The counter contained a mixture of about 6/94%
propane/electrolyzer synthesized hydrogen. The preamplifier connected to the detector
was lowered into the well with the detector. Both were appropriately protected against
humidity and water. An Ortec power supply Model 556 was used to apply the high
voltage to the counter. The preamplifier was powered by a connection to the amplifierMCA assembly Canberra Inspector 2000. Cables used in the field were 15 meter long and
their proper functioning was tested in the laboratory with the laboratory set up. There was
no evidence of deviation from the signal obtained with shorter cables. The lower level
discriminator was set in channel 328 of the Inspector 2000 MCA used in the field, to
match the counting conditions of the APTEC MCA used in the laboratory. The setting of
the LLD was performed with a pulser. Briefly, the pulser signal was set in channel 246 of
the APTEC MCA by adjusting the pulser voltage position. The position was retained.
Then the pulser signal was sent to the Inspector 2000 MCA. The Inspector 2000 MCA
channel where the pulser signal appeared is the channel where the LLD position has to be
set. The ULD was deduced at position 1336. The amplification factor applied on the
preamplified signal with the laboratory set up matched the one applied with the field
electronic equipment. MDC of the counter was computed as a function of the counter
position in the well
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Figure B.4

BDCR and aqueous MDC as a function of depth in the well recorded in
optimal counting window (channel 328 through 1336). The MDC is based
on 10 minute count time.
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Figure B.5

Picture of the field experiment: gas proportional counter going into the well.
The gas proportional counter is filled with a 94/6 mixture of
hydrogen/propane gas.
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Appendix C
Treatment of water samples before PEM electrolysis
Typical composition of natural waters- Estimation of their
conductivity
Major constituents and parameters of surface waters and groundwaters are
reported in Table C1 and C2, respectively. The concentrations in equivalents per liter can
be calculated as well as the water conductivity due to the solely presence of ions.

Table C.1

Ions

MW

-

major constituents and parameters of surface waters (concentration from
Langmuir, 1997)
Surface water

Surface water

Concentration
(ppm)

Concentration

Ion
conductivity

Concentration

Conductivity

(meq/L)

(µS/cm)

(S•cm2/eq)

(mol/L)

61

58

0.000951

44.5

0.951

42

40

15

0.000375

59.5

0.75

44

35.5

7.8

0.00022

76.3

0.22

16

39

2.3

0.000059

73.5

0.059

4

24.5

4.1

0.000167

53.1

0.167

17

23

6.3

0.000274

50.1

0.274

13

SO42-

96

3.7

0.000038

79.8

0.076

6

SiO2

60

14

0.000233

2.6

140

HCO3
Ca2+
-

Cl
K

+
2+

Mg
Na

+

pH
TDS

120

Total
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Table C.2

Ions

HCO3
Ca

2+

-

Cl
K

+

Mg2+
Na

+

SO4

2-

SiO2

MW

-

major constituents and parameters of groundwaters (concentration from
Langmuir, 1997)
Surface water

Surface water

Concentration
(ppm)

Concentration

Ion
conductivity

Concentration

Conductivity

(meq/L)

(µS/cm)

(S•cm2/eq)

(mol/L)

61

200

0.00328

44.5

3.3

146

40

50

0.001250

59.5

2.5

149

35.5

20

0.000563

76.3

0.5

43

39

33

0.000076

73.5

0.1

6

24.5

7

0.000286

53.1

0.6

30

23

30

0.000130

50.1

1.3

66

96

30

0.000312

79.8

0.6

50

60

16

0.000267

8.9

490

pH

7.4

TDS

350

Total

The concentrations in meq/L can be compared to the capacity of the resins to
determine a minimum amount of resin that will capture all ions in solution. Assuming
similar proportions of ions in the actual water samples, we can estimate the
concentrations of ions in solutions from the conductivity measurement of the actual water
samples and calculate the minimum number of equivalent sites necessary to purify the
water. The minimum capacities reported by the manufacturer of the Diphonix and Dowex
resins are .8 meq/g wet resin and 1.0meq/g wet resin, respectively. The minimum
quantities of resins to capture ions from 300 mL of surface water would be 0.09g and
0.07 g of Diphonix and Dowex respectively. Similarly, 0.15g of Diphonix and 0.12 g of
Dowex would be necessary to remove the ions present in 300 mL of groundwater. Those
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quantities are minimum quantities of resins assuming infinite contact time. The
breakthrough capacity of the column will give the actual amount of resin necessary to
treat both types of waters by column treatment.

Data relative to the breakthrough curve data

Table C.3

ICP-AES Calibration

Sample ID K+ concentration (ppm)

St. Dev.

0.746 ppm

0.82

0.02

7.45 ppm

8.09

0.14

59 ppm

60.76

0.91
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Table C.4

Breakthrough curve data

Effluent
volume(mL)

Conductivity
(µS/cm)

Estimated Conductivity
(meq/L)

ICP-AES concentration
(meq/L)

30

1.3

0.008

40

0.9

0.006

50

1.1

0.007

60

0.9

0.006

70

0.8

0.005

80

0.9

0.006

90

0.9

0.006

110

0.8

0.005

120

1

0.006

130

0.8

0.005

140

1.2

0.008

150

8.6

0.05

0.015

160

25.2

0.16

0.028

170

42

0.283

0.038

180

59.6

0.39

0.179

190

86.9

0.582

1

200

181.2

1.20

4.974

210

619

4.13

7.2

220

924

6.16

9.38

230

1182

7.89

240

1402

9.35

250

1530

10.21

260

1680

11.21

270

1800

12.01

280

1914

12.77

290

1960

13.08

0.006

0.01

0.009

14.84
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Data relative to conductivity measurements after treatment

Table C.5

Conductivity measurements

Sample ID Conductivity (μS/cm)
SWI

<1

SWII

<1

SWIII

2

GWI

<1

GWII

3

GWIII

3
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Data relative to tritium yield after each treatment step

Table C.6

Concentrations of the samples after each treatment step

Sample
ID

Raw
sample
(Bq/L)

After
particulate
Filtration
(Bq/L)

After
GAC
(Bq/L)

After
Deionization
(Bq/L)

GW1

6900

7380

5950

6450

GW2

6960

6760

6640

GW3

6960

6760

Average
GW

6940

6970

St. Dev.

40

360

SW1

3740

4080

SW2

4050

3040

SW3

4090

3860

Average

3950

St. Dev

190

After
Polymethacry
-late resin
(Bq/L)

After all
treatment
(Bq/L)

After
electrolysis
(Bq/L)

6450

6600

7000

7030

7270

6940

7100

7100

7370

6670

7050

6860

7080

360

420

4080

4260

3180

3900

4090

4170

3660

3780

4120

550

520

180

6950

250
4080
3360

3180
3800
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4090

Data relative to Table 4.4

Table C.7

Sample tritium concentrations measured by LLLSC and our newly
developed detection system

Sample LSC
ID
Concentration
after
electrolysis (Bq/L)

Gas
counter
GCR

GW1

6600

GW2

St. Dev
based
on 3
SS CR
(C/s)

BDCR

0.890

0.03

0.530

0.03

0.330

0.013

6700

7270

0.920

0.03

0.530

0.03

0.390

0.013

7250

GW3

7370

0.910

0.02

0.530

0.03

0.380

0.015

7100

SW1

4290

1.001

0.02

0.760

0.05

0.239

0.023

4400

SW2

3920

0.710

0.04

0.520

0.02

0.190

0.025

3500

SW3

4170

0.750

0.04

0.520

0.02

0.230

0.023

4250

(C/s)

(C/s)

St. Dev
based
on 3 SS
CR

Net CR
(C/s)

Total
error
(C/s)*

Concentration
from
Calibration
curve (Bq/L)

(C/s)

*the total error was calculated with individual percentage errors
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